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T is generally acknowledged that radar is the 


major development of the war in the field of 
electronics, and one of the most outstanding 
recent developments in applied physics. The 
coined word radar comes from the phrase “radio 
detection and ranging.”” By means of radio 
echoes, objects are detected and their direction 
and range determined. Although many devices, 
particularly in microwave radar, have resulted 
from the research of the war years, very little of 
this work can be regarded as representing any 
fundamental advance in the science of physics. 
Thus the deyelopment of radar is based on 
physical principles well known prior to the war. 
It is the purpose of this article to discuss the 
application of some of these principles to radar. 
The basis for all radio communication in- 
cluding radar was laid by Maxwell,! who showed 
theoretically that variable currents in a con- 
ductor produce electromagnetic waves in space, 
and by Hertz,? who performed experiments to 
verify the prediction made by Maxwell that 
electric oscillations in free space should be found 
to travel with the speed of light. Marconi in 
1922 urged the use of electromagnetic waves of 
a few meters in wavelength for radio detection, 
and it was shown by Taylor and Young? in the 
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autumn of 1922 that an object intercepting 
radio waves between a transmitting and re- 
ceiving station could be detected. In fact, for 
many years radio direction-finding devices uti- 
lizing electric waves transmitted from the dis- 
tant object have been in successful use. 

Although Hertz had shown among other things 
that electric waves of short wavelength are 
reflected from solid objects, this experimental 
fact was not successfully applied to the detection 
of distant objects until many years after its 
discovery, when the practice of pulse ranging 
was developed by Breit and Tuve‘ for the 
measurement of the height of the ionosphere. 
This principle of pulse ranging is still used for 
such measurements but has found its widest — 
application and development in the field of 
radar. 

Modern radar developments are based upon 
the transmission of pulses of electromagnetic 
energy and the reception of echoes from distant 
objects. The pulses used have a pulse duration 6 
of 0.1 to 50 usec. The time between the trans- 
mission of the pulse and the reception of the 
echo is indicated by devices utilizing the cathode- 
ray tube. The number of pulses per second, or 
the pulse repetition frequency, f, has been in the 
region from 60 to 5000 cyc/sec. In practice the 
direction as well as range is important, so 
the beam of electromagnetic energy is made 
highly directive. 


‘Breit and Tuve, Phys. Rev. 28, 554 (1926); 


Breit, 
Tuve and Dahl, Proc. I. R. E. 16, 1236 (1929). 
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1. BLOCK DIAGRAM OF A TYPICAL 
SEARCH RADAR SYSTEM 


Figure 1 is the block diagram of a typical 
modern search radar system. It should be pointed 
out at once that this is only one of many specific 
block diagrams which could be so drawn. Several 
components indicated by broken lines in the 
figure are not present in every radar, and other 
components not shown in the figure frequently 
are used. Furthermore, the trigger pulses from 
the timer and modulator may have different 
shapes from those shown in Fig. 1, and often 
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Fic. 1. Block dia- 
gram of a typical 
search radar system. 
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are of opposite polarity. The components shown 
will, however, serve to illustrate the use of 
physical principles in radar. 

The function of the timer in Fig. 1 is to deter- 
mine the pulse repetition frequency f, of the 
radar. The reciprocal of this quantity is the time 
between pulses, represented by the symbol 7,. 
The timer must contain a repetition frequency 
oscillator and may also contain pulse-shaping 
vacuum-tube circuits which determine the shape 
of the trigger pulse supplied to the modulator. 

The modulator determines the amplitude, 
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duration, and shape of the voltage pulse applied 
to the transmitting oscillator, which causes the 
latter to oscillate. Normally this pulse is rec- 
tangular in shape and is several kilovolts or more 
in amplitude. As previously indicated, the dura- 
tion usually lies anywhere from a fraction of a 
microsecond to several microseconds and is de- 
noted by the symbol 6. 

The radiofrequency (r-f) oscillator may be of 
the triode type with tuned lines and with feed- 
back through its interelectrode capacitances or 
of the magnetron type with multiple cavity 
resonators. The radiofrequency used ordinarily 
lies between 100 and 10,000 megacyc/sec. The 
triodes cover the lower part of this range, while 
the magnetrons operate at higher frequencies. 

The output of the transmitter passes through 
the r-f system to the antenna. The r-f system is 
usually composed of concentric coaxial trans- 
mission lines or of rectangular or circular wave 
guides. Sometimes both coaxial lines and wave 
guides are used on the same system. Matching 
devices are frequently used at the junction of 
the r-f system and transmitter to obtain proper 
loading, and at the junction of the r-f system and 
antenna to obtain maximum transmission of 
energy from the r-f system to the antenna and 
vice versa. A feature of the r-f system is the 
mechanism by means of which a single antenna 
can be used both to transmit and receive. In a 
single antenna system the transmitted energy 
must be kept out of the receiver, not only to 
obtain efficient operation but also to protect the 
receiver from damage. On the other hand, the 
received signal must be delivered to the receiver 
without undue attenuation. The duplexer, or 
T-R (Transmit-Receive) box, acts as a switch 
which disconnects the receiver from the trans- 
mitter and antenna during the time of the 
transmitted pulse but at all other times main- 
tains a nearly perfect connection between the 
receiver and the antenna. The part of the r-f 
system between the T-junction (junction of 
antenna, transmitter, and receiver lines) and 
the transmitter is arranged so that the trans- 
mitter does not absorb the incoming signal. 

The antenna must be directive if the direc- 
tion of the bearing of the target from the radar 
is to be accurately determined. This is accom- 
plished by using a large array of simple antennas 
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such as dipoles or by using a single dipole or 
electromagnetic horn at the focus of a large 
parabolic reflector in an arrangement similar to 
that used in search lights. Where surface search 
is involved, the directed beam may be narrow in 
azimuth only. In other cases, particularly if 
elevation angle is desired, the beam must be 
narrow in elevation. Angular beam widths used 
range from a degree or so up to several tens of 
degrees. 

For simplification at this point, the radiation 
will be considered as propagated in a straight 
line to the target. The target reflects or scatters 
the electromagnetic energy falling on it in a way 
that depends on its size, shape, and structure. 
Some of this energy returns to the antenna and 
is received by it. Since the radiation travels with 
the speed of light c, the time for a pulse to make 
a round trip is given by 


t=2r/c, 


(1-1) 


where 7 is the range of the target. A very useful 
relationship to remember is 


6.10 usec = 1000 yd of range. (1-2) 


The received pulse or echo is detected and 
amplified by a superheterodyne receiver. Radio- 
frequency amplifiers are used unless the fre- 
quency .is too high, in which case they are 
omitted. The r-f signal is then mixed with the 
local oscillator signal of slightly different fre- 
quency. The mixer can be any one of a variety 
of devices whose output is a nonlinear function 
of its input. The output of the mixer contains, 
among other frequencies, the difference between 
the received frequency and the local oscillator 
frequency. This difference frequency, called the 
intermediate frequency (i-f), is much lower than 
the radiofrequency and can be more easily 
amplified. The device used as a mixer is usually 
a vacuum tube for frequencies below a few 
hundred megacycles per second and a crystal at 
higher frequencies. Triodes with coaxial tuned 
lines are used at low frequencies for local oscil- 
lators, while klystrons or other velocity modu- 
lated tubes are used in high frequency systems. 

The i-f amplifier is designed to amplify only the 
difference frequency between the received signal 
and the local oscillator output. Each stage of 
the amplifier is tuned to the desired intermediate 
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frequency so that only frequencies in the neigh- 
borhood of this frequency are amplified. I-f 
amplifiers usually contain four or more stages. 
The output of the i-f amplifier is thus one am- 
plified pulse of intermediate frequency for each 
echo received. 

The second detector into which the output of 
the i-f amplifier is delivered is a nonlinear device, 
usually a diode, which rectifies the i-f output 
and by-passes the i-f component, leaving only 
the envelope of the pulse. As shown in Fig. 1, 
this envelope is usually negative. 

Some further. amplification of the signal is 
usually necessary. This is accomplished by the 
video amplifier, which corresponds to the audio 
amplifier of a radio receiver. The term ‘‘video” 
comes from television where such amplifiers 
immediately precede the visible output. The chief 
characteristic of a video amplifier is that it must 
pass a wide band of frequencies in order to 
amplify all the frequencies contained in the 
pulse. In radar, when several different indicator 
tubes are used, each normally has its own video 
amplifier, as shown in Fig. 1. The video output 
feeds into the A-scope directly. In the case of 
either the B-scope or the P-scope (PPJ), in 
which the intensity of the electron beam is 
modulated by the video output, this output is 
passed through a limiter to prevent large signals 
from burning the screen of the cathode-ray tube. 

The A-scope presents range (elapsed time after 
the transmitted pulse) horizontally and received 
signal amplitude vertically. A sweep circuit which 
generates a voltage varying linearly with time is 
triggered by a pulse from the modulator or 
transmitter each time the transmitter sends out a 
pulse of radiofrequency energy. This linearly 
changing voltage is applied to the horizontally 
deflecting plates of an electrostatic cathode-ray 
tube producing a horizontal, constant-speed de- 
flection of the spot on the screen. The resulting 
trace is called the time base. The video output 
is applied to the vertically deflecting plates of 
the tube, thus causing a momentary vertical 
deflection of the spot (usually upward) from the 
time base, each time an echo pulse is received. 
This momentary deflection is called a “pip.” 
The distance of each echo signal from the start 
(left-hand end) of the sweep is proportional to 
the time elapsed since transmission of the pulse 
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and hence, by Eq. (1-1), to the range. If sharp 
pulses are applied to the vertically deflecting 
plates at regular intervals of time, range marks 
are produced at regular intervals on the time 
base. If the time interval between these pulses is 
a multiple of 6.10 usec, the distance between the 
range marks will correspond to the same multiple 
of 1000 yd, and the range can be estimated by 
interpolation. More accurate ranging between 
range marks is accomplished by generating a step 
(sharp vertical drop) in the time base. The 
horizontal position of this step can be controlled 
by electric circuits that are adjusted by a crank 
which is also mechanically connected to a 
counter. To find the range of a target, the step 
is placed at the target pip and the range read 
from the counter. The step and counter are 
calibrated by using the range marks. 

A map-like presentation which is very useful 
can be obtained from PPI- or B-type presenta- 
tions. On the PPI (Plan Position Indicator) the 
time base starts from the center of the tube and 
moves radially outward. As the antenna is 
turned by an antenna drive motor (Fig. 1), the 
instantaneous position of the antenna is electri- 
cally transmitted by a “synchro” system to the 
PPI-tube and causes the time base to rotate as 
the antenna rotates. The electron beam of the 
tube is normally weak and hence produces a low 
intensity trace. However, each time a target echo 
is received, the receiver output causes the beam 
strength to increase. By use of a cathode-ray 
screen of long persistence, the resulting bright 
spots can be kept visible for some time and a 
steady map-like pattern is obtained with the 
center of the map representing the location of 
the radar. The B-presentation works in much 
the same way except that the time base runs 
from the bottom of a rectangular screen to the 
top while the azimuthal position of the antenna 
is indicated horizontally. The map in this case is 
distorted in azimuth in a manner similar to that 
of the Mercator projection. The indicator shown 
in Fig. 1 is of the PPJ-type. As with the A-scope 
the sweep circuit is started by a trigger pulse 
from the modulator or transmitter. The B- and 
PPI-scopes usually employ magnetic deflection 
rather than electrostatic. When magnetic de- 
flection is used, a linearly changing current 
through the deflection coils must be produced. 
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Range marks can be made to appear as in- 
tensified circles when desired. More accurate 
ranging can be accomplished by generating a 
movable intensified circle which corresponds to 
the step in the A-scope. By adjusting the radius 
of this circle, by means of a crank, so that it 
lies on an echo, the range of that echo can be 
read from a counter connected mechanically to 
the crank. 

Most radar systems that have a rotating 
antenna also have a bearing indicator from which 
bearings can be read more accurately than from 
the PPI and from which bearings can be ob- 
tained for use with the A-scope. Such a bearing 
indicator is represented in Fig. 1. 


2. RADAR EQUATION AND LIMITATIONS 
OF RADAR 


The factors that determine the detection of 
reflected pulses of electromagnetic radiation can 
best be discussed by deriving the free space 
radar equation,® which relates the power radi- 
ated to the power intercepted by the radar 
receiver. At the outset two kinds of power must 
be distinguished: peak power P;, the average 
power during a pulse; and average power Py, 
the average power over the pulse repetition 
period. The peak power for different radar sets 
varies from about 10 kw to more than a mega- 
watt. However, the average power may be very 
small since, for rectangular pulses, P,6=Pwr,, 
where 7, represents the time interval between 
pulses and where the ratio 7,/5 may have values 
from about one hundred to several thousand. 


The radar equation to be derived in this section shows 
that the maximum range of a radar set in free space is 
determined by: 


(1) The peak power of the transmitted pulse, P:. 

(2) The power gain of the transmitting antenna relative to 
a nondirectional antenna, G. 

(3) The effective cross-sectional area of the target, c. 

(4) The effective area of the receiving antenna, A;. 

(5) The minimum signal power, P,,,;,, which on the indi- 
cating device will give an observable signal against 
the background noise. 


If a nondirectional antenna is considered, the density of 
the power on the surface of a sphere of radius r centered 
at the transmitter and passing through the target is 


P,/4nr?. (2-1) 


5 Fink, Electronics 18, 4, 92 (1945). 
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For the case of a directional transmitting antenna the 
power density at the target of range r is 


G:P./4xr, 
and the power incident on the target is 
G:P.o/4nr*. 
Therefore, the power density at the radar is given by 
nGiP io /(4xr?)?, (2-4) 


where 7 is defined as the ratio of the power returned to the 
receiving antenna to the power that would be returned if 
all the radiation on the target were scattered equally in all 
directions. Thus the power received at the radar set, P,, is 


P,=AmG.Pio/(4er?)?. (2-5) 
If Eq. (2-5) is solved for 7, one obtains 
sienna Pere" 
2/4 r 


The maximum range fmax, is of interest in practice. This 
range for a given transmitted pulse, target, and radar 
antenna is limited by the minimum observable received 
power P,,,;,. Therefore, 


(2-2) 


(2-3) 


(2-6) 


1 (es aCe 
2/4 Prats 


Since it is the energy of a received echo pulse 
that chiefly® determines the ease with which the 
pulse may be detected,’ it is well to rewrite 
Eq. (2-7) in terms of the energy of the trans- 
mitted pulse (P:5) and the minimum received 
energy (Prin 6). Thus 


Pa)( beta (2-8) 
arwal - Fue ;)\ (ve). ’ 


The essential characteristics of the radar antenna 
are represented by (G,A,)! and the target charac- 
teristics by (no). Equation (2-8) shows that the 
maximum range in free space varies as the fourth 
root of the energy of the transmitted pulse so 
that a sixteen-fold increase of transmitted energy 
is required to double the maximum range. 
Although the pulse repetition frequency does 
not appear in Eq. (2-8), its choice is of some 
importance in determining maximum range. If 
the pulse repetition frequency is too low and is 
increased, there results on a type A scope an 
increase in the difference of appearance between 
echo and noise signals so that echoes of smaller 
amplitude are detectable. If a type B indicator 


(2-7) 


?max = 


6 This is true only for repetition frequencies sufficiently 
high to give a fairly uniform average noise. 
7 See Sec. 7, in a later issue. 
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Fic. 2. Wien-bridge oscillator. 


or PPI is used, an increase in the pulse repetition 
frequency causes the intensity of the signal to 
increase because the electron beam strikes a 
given spot more frequently. The noise signals, 
being of random character, do not increase in 
the same proportion. It is very important also 
that the pulse repetition frequency be high 
enough so that the rotating antenna does not 
pass by the bearing of the target between pulses. 
On the other hand, this frequency should be as 
low as is consistent with proper coverage of the 
targets in order to obtain, for a given value of 
average input power, a maximum energy per 
pulse. 

It can be shown that the antenna gain for a 
single antenna radar system having antenna of 
area A is related to the wavelength \ of the 
radiated energy as follows: 


G=KA/®; (2-9) 


so, by substituting Eq. (2-9) into Eq. (2-7), and 
writing G,=G and A,=A, we obtain 


1 /P.KA*no\} 

ran-—(——~) ‘ (2-10) 
2/2 Prmin »? 

From Eq. (2-10) it is noted that, at a given wave- 
length, maximum range is proportional to «/A. 
Equation (2-10) also shows that from antenna 
considerations only, if antenna size is held 
constant, the maximum range varies inversely 
as \/X. For a circular reflector of diameter D, 
the angular beam width 6 is proportional to 
/D; thus it is seen that when the maximum 
range of a radar operating at a given wave- 
length is increased by increasing the antenna 
area, this also has the effect of decreasing the 
beam angle. Small beam angle is very advan- 


8 See SEc. 6, on antennas and propagation. 
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tageous in many radars, but sometimes it is not 
physically possible to obtain. 

Consideration has been given to maximum 
range, but it should be noted that every radar 
also has a certain minimum range, range accu- 
racy and range resolution.® It is obvious that 
the minimum range depends in part on the pulse 
duration, since an echo received while a pulse is 
being transmitted cannot be observed. In par- 
ticular applications, bearing and elevation accu- 
racy’® and bearing and elevation resolution" 
become important. 


3. TIMING CIRCUITS 


As stated in SEc. 1, the timing circuits unit 
must contain a repetition frequency oscillator or 
some form of synchronous switch and, in addi- 
tion, may contain circuits to shape the trigger 
pulses which are supplied to the modulator and 
indicators. 

Repetition frequency oscillators —The three 
most common repetition frequency oscillators 
are a sine-wave oscillator, such as an ordinary 
60-cyc/sec alternating-current generator or a 
Wien-bridge oscillator, a free-running multi- 
vibrator, and a free-running blocking oscillator. 
The rotary spark gap of a spark gap modulator 
is a form of synchronous switch. 

A typical Wien-bridge oscillator is shown in 
Fig. 2. It consists of a two-stage amplifier with 
the output returned to the input through the 
divider circuit consisting of Ci, Ri, C2 and Ro. 
If a sine wave of small potential difference is 
applied between the grid and cathode of tube /, 
the potential of the plate of tube 2 will vary 


Fic. 3. Simple free-running multivibrator. 


9 See SEc. 9, on sweep and range circuits. 
10 See SEc. 6, on antennas and propagation. 
11 See Sec. 10, on direction indication. 
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Fic. 4. Typical multivibrator wave forms. 


sinoidally in phase with the input. Since this 
plate is coupled to the grid of tube J, feedback 
will occur. It can be shown by ordinary alter- 
nating-current theory that the sinoidal potential 
difference between grid and cathode of tube /, 
due to feedback, will be in phase with the original 
potential difference only for a frequency given by 


f= 1/2m/(RiCiR2C2). (3-1) 
In order that the output may be a pure sine wave 
the oscillations must not be large enough to 
drive the grid voltage of tube 2 above the 
cathode voltage or below cut-off. A negative 
feedback circuit composed of resistor R3; and a 
tungsten lamp R, prevents too large oscillations. 
If the amplitude at the plate of tube 2 becomes 
too large, the tungsten filament resistance is 
increased by heating and a larger negative feed- 
back is produced. Wien-bridge oscillators are 
used only where an extremely stable repetition 
frequency is desired. 

A free-running multivibrator is a very common 
repetition frequency oscillator. Figure 3 shows 
the simplest possible circuit of such a multi- 
vibrator. Except for the capacitive coupling 
between the plate of one tube and the grid of 
the other, each of the two tubes would conduct 
continuously, for their grid-cathode potential 
differences are zero. However, when both tubes 
are conducting, the multivibrator circuit is a 
two-stage amplifier with its output fed back to 
its input. Such an arrangement is unstable, for 
if the grid-cathode potential difference of tube J, 
for example, drops slightly owing to some 
spurious effect, the amplifier will amplify this 
change, charging capacitor C; until tube / cuts 
off and the circuit ceases to be a two-stage 
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amplifier. As soon as C; can discharge sufficiently 
through R,,; and the plate circuit of tube 2, 
tube J will again begin to conduct and tube 2 
will be cut off. Very shortly a steady state is 
reached where the two tubes alternate in being 
cut off, and wave forms similar to those of 
Fig. 4 are produced. The length of time that 
tube 2 (or tube /) is cut off is usually determined 
by the time required for C2 (or C;) to discharge 
through R,2 and the plate circuit of tube 1 (or Rai 
and the plate circuit of tube 2). Approximate 
analyses of such multivibrators, using equivalent 
circuits, are relatively simple and accurate.” 
The blocking oscillator, another common repe- 
tition frequency oscillator, utilizes positive trans- 
former feedback as shown in Fig. 5. The trans- 
former may be an audio transformer or a special 
high frequency transformer. In the case of a 
blocking oscillator, just as in that of the multi- 
vibrator, the conducting state of the tube is 
unstable and the circuit causes the tube to turn 
on and off at regular intervals. The conduction 
time is usually short, ranging from a few tenths 
to about 25 ywsec, and the time between pulses 
will be 500 usec or more. An approximate ex- 
planation of the wave forms of Fig. 6 during 
conduction can be obtained by transforming the 
grid circuit to the plate circuit and paralleling 
it with the primary self-inductance L, of the 
transformer as shown in Fig. 7, where 7, is the 
average conduction resistance between the grid 


Fic. 5. Free-running blocking oscillator. 


12 Kiebert and Inglis, Proc. I.R.E. 33, 534-539 (1945). 
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Fic. 6. Wave forms for blocking oscillator of Fig. 5. 


and cathode when the grid is positive with re- 
spect to the cathode. The grid-cathode potential 
difference during conduction is given by (N,/N>) 
Xthe voltage drop across the equivalent circuit 
resistor #,(N,/N;)?. While the tube conducts, 
the current in L, tends to increase while the 
current through the capacitor C(N,/N,)? tends 
to decrease as the capacitor charges. Two factors 
tend ultimately to cut the tube off. The charging 
of the capacitor reduces the voltage across 
7,(N,/N.)* and hence reduces the grid-cathode 
potential difference while the increasing current 
in L, reduces the plate potential. When the 
voltage across C(N,/N,)* and the current in L, 
reach values such that there is no longer an 
operating point for the tube where the plate 
current can flow, the current begins to charge 
the distributed capacitance from plate to ground, 
thus causing the plate potential to rise rapidly 
and the grid-cathode potential difference to fall 
rapidly. After the tube has become noncon- 
ducting, the decay of the current in the in- 
ductance L, causes the plate potential to rise 
above V, for a short time. The capacitor C in 
Fig. 6 then discharges slowly through R,, and 
the grid-cathode potential difference rises until 
the tube conducts again, thus beginning a new 
cycle. The repetition frequency can thus be 
altered by changing the value of R,. 

The operation of the transformer in the block- 
ing oscillator is of considerable interest, for it 
passes a transient voltage pulse rather than a 
continuously alternating voltage. A train of 
such transient pulses may be analyzed into 
’ sinoidal components by Fourier analysis. A trans- 
former is a band pass device with a low fre- 
quency limit determined by the size of its 
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primary self-inductance and a high frequency 
limit which is set by the leakage inductance and 
distributed capacitance. If the major frequency 
components of the pulse train lie within the band 
of frequencies passed by the transformer, the 
pulses will not be appreciably distorted. The 
basic theory of the passage of pulses through 
transformers from the transient point of view 
is given in the literature.!* Radar pulse-trans- 
formers have been designed for pulses as short 
as a fraction of a microsecond. 

One form of synchronous switch, the rotary 
spark gap of a modulator, is discussed in SEc. 4, 
under “Modulators.” 

Pulse shaping methods.—As previously indi- 
cated, the output voltage wave forms of the 
various types of master oscillators include sine 
waves, approximately rectangular waves, and 
trains of pulses of short duration, whereas the 
trigger pulses supplied to the modulator and 
indicators of Fig. 1 are always of short duration. 
The shaping of sine waves and rectangular waves 
into trigger pulses of short duration is accom- 
plished by vacuum tube stages that produce an 
output wave form which is not similar to the 
input wave form. Instead of normal Class A 
operation, these tubes act more like switches, 
shifting from a totally nonconducting state to a 


Fic. 7. Equivalent plate load circuit of the tube 
in Fig. 5 during conduction. 


13 Lee, Electronics 16, 8, 115 (1943). 
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Fic. 8. Overdriven amplifier with a grid clipping resistor on the input circuit. 


strongly conducting state with the grid potential 
at or above the cathode potential, and back 
again. For approximate analysis of such pulse- 
shaping circuits by means of equivalent circuits, 
each such tube should therefore be represented 
as a switch with a resistance which depends on 
the type of tube, on the grid-cathode voltage, 
and range of plate-cathode voltage when con- 
ducting.’2 Some methods of accomplishing the 
necessary changes in pulse shape follow. 

(1) A large-amplitude sine wave can be 
changed to a nearly rectangular wave by passage 
through an overdriven amplifier with a large grid 
clipping resistor between the source of the sine 
wave and the grid of the tube (Fig. 8). When the 
impressed grid-cathode voltage is positive, the 
grid potential cannot rise much above the cathode 
potential (grid clipping) because the large re- 
sistor R, limits the grid current. When the 
impressed voltage is negative, the grid-cathode 
voltage quickly drops below the cut-off value. 
The plate voltage therefore is an approximately 
rectangular wave form, as shown in Fig. 8. 

(2) The sides of a rectangular wave can be 
made steeper only by amplification. 


OUTPUT OF 
FIG. 8 


(3) A rectangular wave such as the output 
of either an overdriven amplifier or of a master 
multivibrator can be made into a train of sharp 
trigger pulses of short duration by employing a 
differentiating circuit or peaker. An R-C peaker 
is shown in Fig. 9. When a sharp positive rise 
in potential occurs at the left-hand side of the 
capacitor, the potential of the right-hand side 
will instantaneously rise by the same amount. 
As the capacitor charges through R, and the 
internal grid resistance 7,, the grid potential 
falls exponentially. If the time constant of the 
R-C circuit is short compared to the time 7: in 
Fig. 9, the output will be peaks of much shorter 


. duration than the repetition period. A negative 


peak is likewise produced by the negative rise. 
This peak is usually of greater amplitude and 
duration than the positive peak because there 
is no flow of charge from cathode to grid. 

An R-L-C peaker is shown in Fig. 10. When 
the tube is turned on by the rectangular wave 
the plate potential drops suddenly. If the in- 
ductance is small, the plate potential returns 
fairly rapidly to the plate supply voltage V, as 
the current through the inductance builds up 
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Fic. 9. Typical R-C peaker. The output of Fig. 8 is slightly modified by connecting the peaker 
across it; hence the difference between v2 in Fig. 8 and v2 in Fig. 9. 
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Fic. 10. Typical R-L-C peaker. 


to the maximum the tube will carry. When the 
tube is turned off a positive peak is generated by 
the decay of the current in the inductance. 
The resistance R damps oscillations of the circuit 
formed by the inductance Z and the distributed 
capacitance Cy. 

(4) In contrast to the R-C peaker, which 
distorts the input, is the R-C coupling circuit 
which does not distort it. In this case the limita- 
tions on R, and C of Fig. 9 are 


R,C> 171 or 72. (3-2) 


Consideration of Fig. 9 under these conditions 
will show that the capacitor C generally tends 
to charge more rapidly through the internal grid 
resistance 7, of the tube, the resistor R,, and 
the input circuit, than it discharges through R, 
and the input circuit only. A voltage thus 
gradually develops across the capacitor in such 
a sense as to make the average grid potential 
lower than ground despite the fact that the grid 
is connected to ground through the resistance R,. 
This increase in negative grid potential is called 


signal bias and must be taken into account in all 
coupling circuits. 

Many other types of pulse-shaping circuits are 
used in radar timers. Some of these will be dis- 
cussed in connection with the indicator sweep 
circuits (SEC. 9) since they occur more frequently 
there. The remainder are in general more com- 
plicated versions of the types of circuits already 
discussed. 

The timing pulses frequently must be trans- 
mitted to the modulator and to the indicators 
over considerable lengths of coaxial cable of 
characteristic impedance 100 ohms or less. If the 
cable is terminated in its characteristic im- 
pedance,* a high impedance pulse generator 
cannot transmit a voltage pulse of very large 
amplitude over it. If the cable is terminated in a 
high impedance, the ultimate pulse voltage will 
be large but the rise of the leading edge of the 
pulse will be slowed by the distributed capaci- 
tance of the cable. 

The cathode follower shown in Fig. 11 is a 
device that enables a high impedance signal 
generator to feed a low impedance load (R; 


Fic. 11. Class A cathode follower and its equivalent output circuit. 


. * That is, if the far end of the cable is connected to a circuit whose impedance is the same as the characteristic 
impedance_of the cable. 
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Fic. 12. A seven-section delay line. 


and R,) without distortion of its output. The 
load resistance of the tube (R; and Rz) is con- 
nected between the cathode and ground, while 
the input is applied between the grid and ground, 
not between grid and cathode. The input im- 
pedance of the cathode follower is high when the 
grid potential is less than the cathode potential. 
Since the cathode potential rises or falls almost 
as rapidly as the grid potential, a wide region of 
Class A operation is obtainable. Analysis shows 
that the equivalent circuit for the output is 
that shown in Fig. 11. From the figure the 
amplification is seen to be 


Av; Me 
Av; 1+(r,’/R) 
1/R=(Rit+Rz)/RRx. 


Since the resistance 7,’ usually is of the order of a 
few hundred ohms and the amplification factor 
uw’ is nearly unity, the voltage gain ranges from 
about 0.25 to nearly unity as the load resistance 
is increased from 100 to a few thousand ohms. 

Occasionally, the trigger pulses to the indi- 
cators must be delayed or advanced a micro- 
second or more to neutralize other delays in 
the radar system. The delay line shown in Fig. 12 
can be used for this purpose. Such a line is a 
lumped-constant analogy of a real transmission 
line with its distributed series inductance and 
shunt capacitance. 

Analysis by means of difference equations!‘ 
shows that disturbances of low frequency will 


be propagated along the delay line with a 
velocity 


(3-3) 


where 


v=1/,/(LC) sections per second, (3-4) 


and that the only frequencies which will be 
passed by the line are those whose wavelength 
on the line, 


A\=0/f=1/f/(LC) sections, (3-5) 


14 Pierce, Electric oscillations and electric waves (McGraw- 
Hill), pp. 286-309. 


is enough sections so that the capacitance and 
inductance can be considered as distributed. 
The actual upper cut-off frequency is given by 


feo=1/4/(LC). (3-6) 


The time to traverse a section, and hence the 
delay per section, is, from Eq. (3-4), »/(ZC) sec. 
The pulse will be essentially undistorted in 
transmission if its important Fourier components 
are of lower frequency than the cut-off frequency. 
For such frequencies the characteristic impedance 
is essentially a resistance R.-=/(L/C). Delay 
lines are also used in a slightly different manner 
in modulators (SEc. 4). 


4. TRANSMITTERS 


In radar transmitting oscillators, as with all 
electronic oscillators, a steady source supplies 
energy some of which must be converted into 
radiofrequency energy. The electrons are the 
agents of this transfer. An electron moving in 
the direction of an electric field gives energy to 
the source of that field whereas an electron 
going in the opposite direction gains energy at 
the expense of the field source. Oscillators must 
be arranged so that a sufficient proportion of the 
available electrons contribute energy to the 
oscillatory tank circuit while they are gaining 
energy from the steady source. In the case of 
triode oscillators, this is accomplished by causing 
the phase of the feedback to the grid to be such 
that electron flow from the cathode to the plate 
is a maximum when the steady and alternating 
electric fields in the tube are opposite in direction 
(that is, the grid-cathode potential difference is a 
maximum when the plate-cathode potential dif- 
ference is a minimum). In magnetron oscillators 
various arrangements allow the magnetic field to 
cause the majority of the electrons to move in 
the direction of the alternating electric field 
while falling from the cathode toward the anode 
and gaining energy from the steady field. The 
power input of oscillators depends on the magni- 
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Fic. 13, Tuned-grid, tuned-cathode oscillator. 
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tude of the steady voltage and the number of 
electrons that receive energy from the steady 
source. The efficiency depends, among other 
things, on the conversion efficiency of the useful 
electrons and the proportion of useful electrons. 


Transmitting Oscillators of the Triode Type 


Although occasionally, at very high frequen- 
cies, radar triode transmitting oscillators are 
single lighthouse-type triodes with concentric 
tuned lines, they are usually made up of an even 
number (usually two) of high frequency (above 
100 megacyc/sec) high power triodes, whose 
electrodes are connected together by resonant 
transmission lines. The tuned-grid, tuned-cath- 
ode oscillator shown in Fig. 13 is typical. 

Tube characteristics.—The triodes used in radar 
must have small lead inductances and small 
interelectrode capacitances to reduce the limita- 
tions upon the highest frequency obtainable. 
The capacitances must be reduced to the smallest 
feasible values because the tube capacitance 
varies with supply voltage and oscillator load, 
and because circulating current through these 
capacitances must not be excessive. The reduc- 
tion of lead inductance is achieved by bringing 
the leads out through the glass envelope by the 
shortest available path, while the reduction of 
interelectrode capacitances necessitates keeping 
the electrodes small and reasonably far apart. 
The electrodes, however, must be large enough 
to dissipate the heat produced in the tube and 
must be close enough together so that the transit 
time (time for electrons to go from cathode to 
plate) is a small fraction of the period of the 
oscillations to be generated. The latter condition 
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is necessary if the tube is to operate without 
excessive losses due to induced grid currents. 
The transit time, of course, depends also on the 
plate-cathode voltage. Because radar uses pulsed 
rather than continuous operation, higher voltages 
can be used and hence higher instantaneous 
power and efficiency are obtained at ultra-high 
frequencies than would be possible with con- 
tinuous operation. The afore-mentioned restric- 
tions on electrode size, spacing, and lead 
inductance clearly indicate that there must be 
upper frequency limits for triode oscillators. For 
most purposes this limit lies between 500 and 
1000 megacyc/sec. 

Theory of oscillation—A simplified theory of 
oscillation of the transmitting oscillator in Fig. 13 
results from drawing the radiofrequency equiva- 
lent circuit of the oscillator, neglecting the output 
load and assuming Class A operation.’® The 
equivalent circuit!® is shown in Fig. 14, where 
X;, represents the reactance of the cathode 
transmission line; X,, the reactance of the grid 
transmission” line; and Cx, C,, and Cy», the 
interelectrode capacitances of the tubes. Since 
the oscillator operates push-pull, that is, the grid 
or cathode of one tube is raised in potential 
while the grid or cathode of the other is lowered, 
the line of symmetry in Fig. 14 is a line of zero 
radiofrequency variation of potential. The oscil- 
lator can be considered as two separate oscillators 
that are oscillating 180° out of phase and are 
operating with respect to this line of symmetry. 


LINE OF SYMMETRY 


Fic. 14. Equivalent circuit of a triode oscillator. 


15 7 Class A operation the grid voltage never goes below 
cut-off. 

16 For this type of equivalent circuit and analysis see 
Staff of the M.I.T. Radar School, Principles of radar 
(Technology Press), chap. 7. 

17For a discussion of the reactance of short circuited 
transmission lines see SEc. 5. 
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Fic. 15. Equivalent circuit, lower tube only. 


Considering the lower tube only, one obtains 
the equivalent circuit shown in Fig. 15. Since the 
grid-cathode potential difference of an oscillator 
must be a maximum approximately when the 
plate-cathode potential difference is a minimum, 
the reactance of the parallel combination of 
Cy. and X;;2 has the same sign as the reactance 
of C,,; that is, it must be capacitive. If this is 
true, the combination of C,, and X,/2 must be 
inductive, for the tank circuit must have both 
inductance and capacitance. The equivalent cir- 
cuit then reduces to that of Fig. 16, which is a 
Colpitts oscillator.3 Most ultra-high frequency 
triode oscillators can be reduced in a similar 
manner to either Hartley or Colpitts type 
oscillators. 

A feature of such oscillators is that both the 
frequency and the amount of feedback depend 
considerably on the interelectrode capacitances 
as well as on the tuned lines. The voltage applied 
to the grid circuit has a ratio Cy,/(Cjz+Cyx) to 
the total voltage difference across the tank 
circuit. Consideration of Fig. 15 shows that the 
cathode line of Fig. 13 is the major feedback 
control and must not be much less or much 
greater in length than a quarter-wavelength. 
The grid line, on the other hand, is the major 
frequency control and must be considerably less 


18 Glasgow, Principles of radio engineering (McGraw- 
Hill), p. 266. 
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than a quarter-wavelength long in order to have 
a small enough inductive reactance to over- 
come Cop. 

Bias.—The grid potential of an oscillator of 
the type shown in Fig. 13 rises considerably 
above the cathode potential during its positive 
swing. During this portion of the oscillation, 
conduction current flows from grid to cathode 
and may cause excessive losses and low efficiency. 
The efficiency is increased considerably by re- 
ducing the average grid-cathode potential differ- 
ence (bias) during oscillation to a value con- 
siderably below cut-off. The 1000-ohm resistor 
and distributed capacitance from the grid-line 
to ground generate the bias of the tubes. The 
negative potential of the upper side of the 
capacitance is stabilized at a value such that 
the charge added by grid current is equal to the 
discharge through the 1000-ohm resistor. Al- 
though the resulting average bias is considerably 
below cut-off, the fraction of a cycle during which 
the grid voltage is above cut-off is sufficient to 
keep the oscillation going unless both the re- 
sistance and capacitance are much larger than 
indicated in Fig. 13.!° 

Loading and output—The output is tapped 
from the cathode line usually at a short distance 
from the shorting bar. Since the oscillators at 
the two cathode taps are 180° out of phase, 
their outputs can be brought into phase by 
causing one to travel one-half wavelength more 
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Fic. 16. Equivalent circuit of a Colpitts oscillator. 


19 With large grid resistance and capacitance oscillators 
may become self-pulsing. In fact, this method of pulsing 
oscillators has been much used in radar until recently, 
when it has finally given way to plate pulsing ; see Eastman, 
Fundamentals of vacuum tubes (McGraw-Hill), p. 414. 
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Fic. 17. Split, or multiple, anode, transit-time magnetron 
oscillator. The magnetic flux is directed into the page. 


of transmission line (BTU, Fig. 13) than the 
other before the two are joined. This causes the 
oscillator tubes to deliver their output as parallel 
generators, whereas the oscillations were gener- 
ated in series (push-pull). If the output coaxial 
line has a characteristic impedance of 50 ohms, 
the load impedance as seen from the cathode 
taps is 200 ohms. The load impedance presented 
to the tubes can be shown to be 


ZL 4Z. 


= SS , (4-1) 
sin? rx/2L sin? rx/2L 


where Zz is the load impedance at the taps, which 
are a distance x from the shorting bar, and L is 
the length of the cathode line, which is assumed 
to be approximately one-quarter wavelength 
long. The effective load impedance can thus be 
varied by moving the taps on the cathode line. 
The positions of these taps are seldom adjusted 
for maximum power output, for this might either 
overload the tubes or make the oscillator fre- 
quency too sensitive to antenna impedance, 
which frequently varies as the antenna turns. 
A judicious compromise is always sought. 
Pulses —Although some triode transmitters 
are self-pulsed, more efficient operation results* 
* This is because the grid of a self-pulsed oscillator, 
recovering slowly between pulses, is above cut-off for a 
considerable time before oscillations start. The total 
energy delivered to the tube during this time is usually of 


the same order of magnitude as the total pulse energy and 
is wasted. 


JACKSON 


if an external high voltage pulse is applied to 
the plates of the tubes (Fig. 13) for the desired 
pulse duration. This voltage may be from 10 to 
20 kv and may last for 1 to 20 usec. The pulse 
that synchronizes the sweep of the cathode-ray 
tube with the transmitter may either come from 
the modulator or be developed by the passage of 
the oscillator tube current through the parallel 
resistance-capacitance combination connected to 
the center of the cathode shorting bar. The 
capacitor by-passes the r-f currents while the 
pulse component flows through the 30-ohm re- 
sistor, thus developing a synchronizing pulse of 
from ten to several hundred volts. 


Transmitting Oscillators of the Magnetron Type 


A magnetron is a vacuum tube that is provided 
with a magnetic field approximately perpen- 
dicular to the electric field between its cathode 
and anode. The electrons emitted by the cathode 
are therefore acted on by a force, 


F=ecE+evXB, (4-2) 


where eé is the electronic charge, E is the electric 
field intensity, B is the magnetic induction, and 
v is the velocity of the electron. Fairly complete 
treatments of several types of magnetron oscil- 
lators are given in the literature.2°-*4 The dis- 
cussion here will be simplified and approximate, 
with emphasis on the physical concepts involved. 
Mks rationalized units will be used. 

It is well known*> that the paths of electrons 
in uniform mutually perpendicular electric and 
magnetic fields are cycloids which progress at 
right angles to both fields. Since the path of a 
particle on a rolling wheel is a cycloid, the latter 
may be described in terms of the wheel. In the 
case of mutually perpendicular electric and mag- 
netic fields acting on an electron, the radius 7 
of the “wheel,” its period of rotation 7», and 
the velocity of its center v. are given by 


2 Brillouin, Phys. Rev. 60, 385 (1941) ; 62, 166 (1942) ; 63, 
127 (1943). 


Py — High frequency thermionic tubes (Wiley), pp. 
—186. 

2 Kilgore, Proc. I.R.E. 24, 1140, (1936). 

23 Brainerd, Koehler, Reich and Woodruff, Ultra high 


frequency techniques (Van Nostrand), pp. 291-310. 


2 Blewett and Ramo, Phys. Rev. 57, 615 (1940); J. 
App. Phys. 12, 856 (1941). 

25 Page and Adams, Principles of electricity (Van Nos- 
trand), pp. 282-285. 
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ro = (m/e) (E/B’), 
To=2x(m/e)(1/B), 
v, = E/B, 


where m is the mass of the electron. 

An electron at the center of the ‘‘wheel”” moves 
in a straight line with a velocity v,; that is, the 
electric and magnetic forces balance exactly. 
If the electron is placed off center on the wheel 
it has a circular motion superimposed on the 
constant velocity v.. The farther out on the wheel 
the electron is placed, the greater is the amplitude 
and energy of this circular motion. The electron 
can even be on a flange of the wheel, beyond the 
surface on which the wheel rolls, in which case 
the amplitude and energy of the circular motion 
are very large. Since electrons emitted by a 
cathode have rather small initial velocities, they 
may be considered as starting on the rim of the 
wheel at its point of contact with the rolling 
surface which, in the case of a plane cathode, 
corresponds to the cathode itself. Hence an 
electron emitted from a plane cathode and acted 
on by uniform electric and magnetic fields can 
go no farther from the cathode than twice the 
radius of the wheel in terms of which the cycloid 
is described ; moreover, 


2ro = (2m/e)(E/B?), 


(4-3) 
(4-4) 
(4-5) 


(4-6) 
or 
Berit = V (2m/e)/(E/2r0) 

=V/(2m/e)/(V/X), (4-7) 
where V is the potential difference between cath- 
ode and anode, X is the distance between them, 
and Berit is the critical magnetic induction for 
which no electrons reach the anode.?* Magnetron 
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Fic. 18. Plane magnetron with segmented anode showing 


the shape of the alternating electric field between the 
anode segment. 


*° For a cylindrical cathode of radius a, and anode of 
radius 6, the critical magnetic induction is given by 


Berit = (8m V/e)4b/(b?—a?). (4-6’) 
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Fic. 19. Resultant field strength between adjacent 
anode segments and the corresponding cycloidal orbits of 
electrons emitted by the cathode. 


oscillators of all types operate with the magnetic 
induction larger than the critical value. 

There are three major types of magnetron 
oscillators: the split-anode negative resistance 
type,?4 the single-anode transit-time type, and 
the split or multiple-anode transit-time type. 
Most of the literature?*~** deals with the first two 
types, neither of which is used in radar. The 
third type of magnetron (Fig. 17) is that used in 
radar. Although magnetrons of this type are 
always cylindrical, it will simplify the explana- 
tion to consider the plane case first. 

In Fig. 18 is shown a plane magnetron with 
segmented anode and magnetic flux directed into 
the page. Alternate segments are connected 
together and linked to the in-between segments 
by an inductance. This inductance combined 
with the distributed capacitance between the 
two groups of anode segments forms the oscil- 
lating tank circuit of the magnetron. If this 
circuit is assumed to be in oscillation, the 
direction of the alternating electric field between 
the anode segments at a particular instant 
would be roughly that shown in Fig. 18. The 
total electric field half-way between the segments 
is shown in Fig. 19 along with the cycloidal 
paths which would be expected in the corre- 
sponding field. They are of two types (a) and (0), 
depending on whether the alternating field is 
at the moment directed to the right or to the 
left. The type (a) electrons progress on the 
average against the steady field and hence are 
receiving energy from it. However, they do not 
gain kinetic energy on the average, for they 
come to a full stop at each cusp. The energy 
which they receive is transferred to the alter- 
nating field, for they are moving in the same 
direction as this field. These electrons then 
convert steady source energy into oscillatory 
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Fic. 20. Exterior of a typical radar magnetron. 
[From reference 16. ] 


energy. The opposite is true of the type (0) 
electrons. 

In order to have a working magnetron, the 
effect of the type (a) electrons must predominate 
over that of the type (bd). The type (3) are 
eliminated because they strike the cathode before 
completing one loop. The type (a) must be kept 
in the same kind of motion until they strike the 
anode. Hence they must progress one anode 
segment from left to right while the oscillation 
in the tank circuit goes through one-half cycle. 
Since the average velocity from left to right is 


v.= E/B=6&/XB, (4-5’) 
the period T is given by, 


1T=Y/v,.=YB/E=XYB/&, (4-7) 


and the frequency f is given by 
f=(1/2Y)(E/B) and f=1/2r/(LO), 


“(gia)en 


where C is the total distributed capacitance 
between the two groups of anode segments. 
Thus this type of magnetron is also a transit- 
time oscillator. No time limit exists for cathode- 
to-anode transit, while a half-cycle is allowed 
for an electron to go from a position under one 
anode segment to a corresponding position under 
the next. No unique relationship exists between 
the period of oscillation and the time for a 
single cycloidal oscillation. 

It is clear from this simplified reasoning that 
there is complete conversion of energy from the 
d.c. to the a.c. field from cusp to cusp of the 
type (a) cycloids. The steady-source energy not 
completely converted would then be that be- 
tween the last cusp and the anode. If this energy 
is to be as small a fraction of the total steady 
source energy as possible, the last cusp should be 
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as close to the anode as possible; in other words, 
the radius 79 of the cycloidal wheel should be as 
small as possible. From Eq. (4-3), 


to =mE/eB? = (m/e)(E/B)(1/B). 


In order to decrease 79 and at the same time 
fulfill Eq. (4-7), both the magnetic induction B 
and the electric field strength E must be increased 
in the same proportion. 

The foregoing results must now be extended 
to the actual cylindrical magnetron of Fig. 17. 
Although the orbits are no longer cycloidal,* the 
relation, Eq. (4-7) holds approximately if X is 
interpreted as the cathode-anode distance, the 
electric field is assumed uniform, and Y is inter- 
preted as the arc which, if placed half-way 
between cathode and anode, would subtend the 
same angle at the cathode as does the anode 
segments. 

The exterior of a typical radar magnetron is 
shown in Fig. 20. This type of magnetron was 
devised by the British and shared with the 
United States in 1940. It would be difficult to 
overestimate its military value to the United 
Nations. 

The d.c. connection to the several anodes of 
Fig. 17 is through the case of the magnetron, 
while the two filament and cathode leads are 
insulated from the case. The tank circuit is 
composed of the interanode capacitances and of 
inductance due to small cavities between the 
anodes. The latter are quite closely coupled 
magnetically. This coupling has two important 
effects. It enables the output to be picked up 


Fic. 21. Circuit representation of a magnetron. 


* The exact solution for the nonoscillating case of a 
cylindrical magnetron is, of course, obtained by applying 
Eq. (4-2) to a situation in which the electric potential is 
a function of r alone. The complete solution for the 


cylindrical multi-anode magnetron, considering space 
charge and alternating electric field, is beyond the scope 
of this article. 
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from a single point in the tank circuit by in- 
ductive coupling. It also makes possible other 
modes of oscillation of the tank circuit besides 
the one where adjacent segments are 180° out 
of phase. Different magnetrons utilize different 
modes, but the 180° mode is most frequently 
used. Elimination of other modes is accomplished 
by connecting alternate anode segments together. 

The magnetic induction, which is supplied by 
a permanent magnet, may range from 0.1 to 
0.5 weber/m?, or 1000 to 5000 gauss. The case 
(anode) of the magnetron is grounded, and the 
magnetron is made to emit its r-f energy in 
bursts or pulses of about a microsecond duration 
by a modulator which applies a large negative 
voltage pulse (5 to 30 kv) of about this duration 
to the cathode of the magnetron. A schematic 
circuit representation of a magnetron is shown 
in Fig. 21. 

The plate characteristics of a magnetron may 
be plotted in the same fashion as for other 
vacuum tubes except that curves for different 
values of magnetic induction B replace the 
curves for different quiescent control grid volt- 
ages. Typical characteristic curves for a micro- 
wave radar magnetron are shown in Fig. 22. 

The steepness of the experimental curves of 
constant magnetic induction and the resultant 
narrow range of E/B for which good oscilla- 
tions are obtained, supply verification of Eq. 
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(4-7). This steepness also indicates the desira- 
bility of having a modulating pulse with a flat 


‘top and steep sides. The increase in efficiency at 


higher voltages and flux densities is a verifica- 
tion of the prediction made from Eq. (4-3). 
The large pulse currents obtained are due partly 
to a good emitting surface, and partly to second- 
ary electrons emitted when the type (0) electrons 
strike the cathode. Since some magnetrons have 
higher currents for zero magnetic induction than 
for the proper operating value, the last factor is 
not always important. 


Modulators 


Although grid pulsing of one type or another 
has been used for some triode transmitting tubes, 
the most generally satisfactory method of pulsing 
triodes, and the only way of pulsing miagnetrons, 
is to apply a very large voltage pulse between 
the plate and the cathode. Two operations must 
be performed by the circuits, called modulators, 
that pulse or modulate the transmitting tubes; 
these are the formation of the pulse and its de- 
livery at a high voltage level. 

Modulators may be divided into two classes 
according to whether the original pulse must be 
amplified after formation in order to have a 
total energy?’ sufficient to pulse the transmitting 
tube or whether the pulse as first formed already 


27 See Sec. 2, Eq. (2-8). 
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Fic. 23. Shaping of a pulse by a pulse-forming network. 


contains sufficient energy. The first type is 
sometimes known as a driver-power-amplifier 
modulator, whereas the second type is frequently 
termed a line-pulsing-modulator. Before dis- 
cussing these two types in detail, the general 
method of pulse formation will be described 
since it is the same for both types of modulator. 
Pulse formation.—Nearly rectangular voltage 
pulses of a microsecond or less in duration and 
of amplitude several kilovolts cannot easily be 
formed by the methods discussed in SkEc. 3. 
The method most generally used in radar modu- 
lators is that of discharging (or sometimes 
charging) one or more capacitors through a 
network of inductors, capacitors, and the load 
(approximately resistive) across which the volt- 
age pulse is to be developed. The function of 
the network is shown in Fig. 23, where the 
potential difference across a complete network 
is compared with that across a capacitor Cy: 
originally having a voltage V,, and discharging 
exponentially through a resistive load. Regard- 
less of the exact method used to shape the 
pulse, if all the energy stored in the capacitor(s) 
is delivered to the load R at a constant voltage 
V for a pulse duration 6, the following relations 
hold: 
(4-8) 
and 
(4-9) 


SWITCH 
A 


Fic, 24, Circuit for pulse formation by charging 
an artificial line. 


Fic. 25. Circuit for pulse formation by discharging 
an artificial line. 


Since the area under the two curves in Fig. 23 
must be equal, the function of the shaping ele- 
ments is to reduce the output voltage early in 
the pulse and to increase it later in the pulse. 

One of the most common types of network is 
the artificial transmission line?® shown in Fig. 24. 
If, with the line initially uncharged, the switch 
is closed, the voltage across the line rapidly 
becomes one-half of the source voltage, E, be- 
cause”® the resistance R is equal to the charac- 
teristic resistance of the line, R.. A voltage wave 
of one-half the source voltage therefore*® travels 
from right to left down the line. At the left-hand 
end of the line, which is open, the voltage wave 
is reflected in such a way as to add to the incident 
wave while the current cancels the incident 
current. When the reflected wave front reaches 
the switch, the voltage everywhere across the 
line is E while the current is everywhere zero. 
The time* for the pulse to go twice the length 
of the line is* given by 


5=2N,/(LC), (4-10) 


where N is the number of identical sections in 
the line. The potential difference across the 
resistance R, during the time interval 6, is 3£. 
This constitutes the output pulse of the line. 

A pulse of the same amplitude and duration 
can be obtained by discharging the line (Fig. 26) 
originally charged to a voltage V,.[. = E] through 
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Fic. 26. Pulse forming network of the Guillemin type. 


28 A real transmission line would be too long, 50 to 150 
meters per microsecond of pulse duration. 

29 See Sec. 3, Eq. (3-7). 

30 See Sec. 3, Eq. (3-4). 

31 See Sec. 3, Eq. (3-4). 

8 Eq. (4-10) can also be obtained by substituting 
R=R,=V/(L/C) and C,,= NC in Eq. (4-9). 
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a resistance R[ = R, ]. This case can be analyzed 
either in terms of a negative wave of amplitude 
4V., traveling down the line and back to the 
switch or in terms of the reversal of direction 
of the positive wave that charged the line of 
Fig. 24. The latter point of view is justified since, 
at the end of the charging process for the line in 
Fig. 24, the charge is the same as the initial 
charge for Fig. 25. 

Another possible form of pulse-forming net- 
work is shown in Fig. 26. In contrast to an 
artificial line, all the inductors and capacitors 
in this type of network have different values, so 
chosen that the output pulse is essentially 
rectangular. All the energy is initially stored on 
the capacitor of capacitance C,:, which is re- 
lated to the load resistance and pulse duration 
by Eq. (4-9). In general, the capacitances 
Ci, ---, C, are directly proportional to the pulse 
duration and inversely proportional to the load 
resistance while the magnitudes of the inductors 
are directly proportional to both quantities. The 
proportionality constants are determined experi- 
mentally. 

Line-pulsing modulators—As previously indi- 
cated, a line-pulsing modulator is one in which 
the energy 
sufficient to pulse the transmitter. A block 
diagram of a typical line-pulsing modulator is 
shown in Fig. 27. Between pulses the pulse- 
forming line or network is charged by a source 
through a charging impedance, the switch being 
open. When the switch closes, the line or net- 
work discharges rapidly in pulse form through 
the transmitter. 

Charging methods —A d.c. source acting 
through a resistive charging impedance is never 
used to charge the network, for at least half of 
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Fic. 27. Block ieiaes of a typical line-pulsing modulator. 


of the pulse when initially formed is ° 
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Fic. 28. Typical circuits for charging pulse-forming lines 
or networks and the voltage wave forms (V1) across the 
lines or networks. 


the energy supplied by the source would be lost 
in the charging resistance. Whenever a d.c. 
source is used, the charging impedance is a 
large inductance [Fig. 28(a) ], sometimes with a 
diode in series with it. 

Since the charging rate is small, the impedance 
of the pulse-forming elements in the artificial 
transmission line is negligible. Thus the capaci- 
tance C,; in Fig. 28(@) represents the total 
storage capacitance of the pulse-forming line. 
If the line has just been completely discharged 
by a pulse and the current in the inductor at 
this time is zero, and if the losses are negligible, 
the source will charge the line to a peak volt- 
age 26. If the switch is closed at the instant the 
peak voltage is reached, the whole storéd charge 
is delivered to the transmitter and the cycle 
repeats. This is called d.c. resonance charging. 
The following relations hold ideally : 


Vt = 26, 
27-=2a/(LerCs:). 


(4-11) 
(4-12) 
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A diode may be added to hold the voltage at 
its peak, in which case Eq. (4-12) should read 


27p>24r/(LenCsi). (4-12’) 


Alternating sources are also used. Two types 
of a.c. charging circuits are shown in Fig. 28, 
(6) and (c). In case of a.c. diode charging (Fig. 
28() ], the corresponding relations are 


Va x6, (4-13) 


(4-14) 


where & is the peak voltage, and Ta.-. the period, 
of the alternating source, and 1 is an integer. 

In a.c. resonance charging [Fig. 28(c)] the 
charging inductance and network capacitance 
are resonate for the frequency of the alternating 
source. If the charging process is allowed to 
continue for k cycles, where k is an integer, the 
corresponding relations are 


Va=kr6, 


Tr=NTa.c.; 


(4-15) 
(4-16) 


If a series diode is added to the circuit of 
Fig. 28(c), the relations become V,:=kir& and 
Tr=ReTa.c., Where k; is $ and k is usually 1. 
These charging processes range in efficiency 
from about 75 to 90 percent. 
Another method, inductive impulse charging, 
should be mentioned. It consists in building up 
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a large current through an inductance. Shortly 
before the r-f pulse is to be generated, the circuit 
is broken and the large inductive impulse rapidly 
charges the pulse-forming capacitor. 

The switches used in the line-pulsing modu- 
lators are rotary spark gaps, triggered spark 


‘ gaps, and special thyratrons. The rotary spark 


gap consists of a fixed electrode and a number 
of electrodes mounted radially on a disk (Fig. 29). 
As the disk rotates, the moving electrodes suc- 
cessively pass the fixed electrode. At each passage 
the gap breaks down and the transmitter is 
pulsed. When a rotary spark gap modulator is 
used, it determines the time between pulses and 
hence acts as both timer and modulator. In this 
respect it differs from other switches that are 
operated or triggered by a timing device. 

In Fig. 29 is shown a typical line-pulsing 
rotary-spark-gap modulator with approximate 
values indicated for all important quantities. 
Three features of this diagram should be es- 
pecially noted. First, the modulator is at some 
distance from the transmitter, the two being 
connected by a 50-ohm pulse cable; second, the 
transformer has a double secondary winding to 
enable the magnetron filament to be heated 
without subjecting the heater supply trans- 
former to the pulse voltage; third, a reduced 
replica of the pulse applied to the transmitter 
is used to trigger the indicators. 
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The fixed-triggered-gap type of switch either 
has a special ionizing electrode near the gap or 
is composed of two or three gaps in series. In the 
latter case the trigger pulse from the timer 
breaks down one gap and the resulting increased 
potential difference across the others helps to 
break them down. 

The special thyratron type of switch utilizes 
thyratrons that will stand a high voltage and 
pass a large ‘pulse current. The thyratron is 
triggered by a pulse, from the timer, applied to 
the thyratron grid at the proper moment. 

Driver-power-amplifier modulators.—A typical 
modulator of the driver-power-amplifier type is 
shown in Fig. 30. The pulse of low energy is 
formed in the driver and is amplified in energy 
content by the power amplifier before being 
applied to the transmitter, which is shown as a 
magnetron in Fig. 30 but could also be a pair of 
triode oscillators if the latter were arranged so 
that the pulses could be applied to their cathodes. 

The pulse is formed in a blocking oscillator 
(Fig. 5) which has a line instead of a capacitor 
in its grid circuit and which is biased below cut- 
off (—150 v) so that it will operate only when 
triggered by the timer, which is represented in 
Fig. 30 by its output cathode follower. The 
positive trigger pulse is passed by the line to 
the grid of the power tetrode without much 
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delay. As soon as the grid rises above cut-off, 
normal blocking-oscillator action occurs. The 
plate potential of the power tetrode drops to 
about +200 v, and a potential difference of 
3(1200—200) v=500 v is generated across the 
grid winding of the transformer. Figure 31 shows 
the equivalent circuit by: which this 500-v poten- 
tial difference charges the artificial line. In 
1 usec the line will be charged from 150 to 500 v 
in a manner similar to that for the circuit of 
Fig. 24. During this time the grid potential of 
the power tetrode, neglecting the trigger volt- 
age, will be approximately (400/800) (500 — 150) 
+175 v. However, as soon as the line is charged 
to 500 v, the grid potential of the power tetrode 
drops suddenly. This starts blocking-oscillator 
action, which cuts the tube off. The line thus 
controls the conduction time of the tube, and 
therefore the pulse duration, provided the trans- 
former will pass the frequency components of 
the pulse. The use of the grid-cathode resistance 
of the power tetrode as the switch of the pulse- 
forming circuit is an ingenious method of elimi- 
nating an extra tube (thyratron) as a switch. 
The line of course discharges between pulses 
through the 105-ohm grid resistor. 

While the plate potential of the power tetrode 
is at +200 v, the potential drop across the plate 
winding of the transformer is 1000 v. This drop 
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Fic. 30. Typical driver-power-amplifier modulator. 
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Fic. 31. Equivalent circuit for the line and the grid of the 
power tetrode during conduction. 


generates a nearly equal potential difference in 
the output winding. The control grid of the 
power-amplifier tube is thus raised from —850 
(below cut-off) to +150 v for 1 usec. 

The power amplifier of Fig. 30 is similar to 
ordinary resistance-capacitance coupled ampli- 
fiers** except that: (i) it has a very broad (video) 
pass band since the Fourier frequencies con- 
tained in the pulses range from the repetition 
frequency of about 1000 cyc/sec up to several 
megacycles per second; (ii) the amplifier tube, 
instead of operating as Class A, acts as a switch 
which is driven from cut-off to very strong con- 
duction for each pulse. An amplified negative 
rectangular pulse is thus applied to the cathode 
of the magnetron. 


An interesting aspect of such a switched R-C 


coupled amplifier is that the current and power 
supplied to the magnetron during the pulse 
come from the 0.1-yf coupling capacitor which 
has been charged between pulses to a potential 
difference close to 13.5 kv. During the pulse 


3 Eastman, Fundamentals of vacuum tubes (McGraw- 
Hill), pp. 256-265. 
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this 13.5-kv capacitor voltage is applied to the 
amplifier and magnetron in series. Since the 
potential drop across the amplifier is only 1 to 
2 kv, the potential difference across the mag- 
netron is usually between 80 and 90 percent of 
the source voltage. In order that the magnetron 
voltage be constant during the pulse, the coupling 
capacitor must be large enough so that only 1 
or 2 percent of its total charge is necessary for 
each pulse. 

The diode in parallel with the magnetron serves 
as a charging path for the coupling capacitor 
between pulses. Since the average current through 
a capacitor is zero, the average current through 
the diode and meter equals the average mag- 
netron current. To improve the high frequency 
response of the amplifier for the trailing edge of 
the pulse after the amplifier tubes have been cut 
off, asmall (3 to 10 mh) inductance is sometimes 
added in parallel with the diode. 

In power-amplifier (modulator) tubes there 
must be a large change in plate current for a 
small change in plate voltage. The tubes must 
have high voltage breakdown. The grid must not 
contaminate easily when driven positive with 
respect to the cathode. Such tubes are usually 
specially constructed for the purpose. 

This is the first of two articles on the physics 
of radar. The second article will discuss r-f com- 
ponents, antennas, receivers, indicators, sweep 
and range circuits and direction indication as 
used in radar. 


GREAT discovery is not a terminus, but an avenue leading to regions hitherto unknown. 
We climb to the top of the peak, and find that it reveals to us another higher than any we have 
yet seen and so it goes on. The additions to our knowledge of physics made in a generation do not 
get smaller or less fundamental or less revolutionary as one generation succeeds another. The sum 


of our knowledge is not like what mathematicians call a convergent series, . . 


. where the study 


of a few terms may give the general properties of the whole. Physics corresponds rather to the other 
type of series called divergent, where the terms which are added one after another do not get smaller 
and smaller, and where the conclusions we draw from the few terms we know cannot be trusted to 
be those we should draw if further knowledge were at our disposal.—J. J. THOMSON. 





Technological Research in the University* 


Pau. E. KLopsteG 
Northwestern Technological Institute, Evanston, Illinois 


T would be trite to remark about my awareness 
of the distinction conferred upon a speaker in 
extending to him the invitation to deliver this 
memorial address. Nonetheless, there is distinc- 
tion in being associated, as Richtmyer lecturer, 
with such men as Compton, Hull, Darrow and 
Rabi; and there is distinction in being selected 
by his fellows as one whom they regard capable 
of making a contribution of interest to the two 
distinguished societies here assembled. Finally, 
there is distinction in the assignment of honoring 
the memory of a man who contributed so much 
to physics, and whom the speaker was privileged 
to count among his friends. In preparing this 
address, I have been sensitive to the obligation of 
demonstrating that the Committee exercised 
good judgment. 

It should be a speaker’s concern to use terms 
that are not ambiguous, words that require no 
explanatory footnotes, and expressions that have 
no hidden implications, either by design—as in 
the practice of diplomacy—or through inad- 
vertence. To avoid the fault, let me define the 
title of this address so that you may know what 
it is that I intend to discuss. Then I shall give 
you the reason for choosing this particular sub- 
ject. Finally, I shall explore the subject against a 
background of both university and industrial 
experience. 

At the university with which I am connected, 
one of our efforts is to encourage and promote 
closer union between good teaching and good 
research. We believe that they are not mutually 
exclusive, nor even incompatible. On the con- 
trary, we hold the view that there is regenerative 
action between teaching and research. We have 
adopted a definition of research which I do not 
believe can be improved easily; it is this: 


The term research means original and creative in- 
tellectual activity, carried on in the laboratory, in the 
library or in the field. Research endeavors to discover 


* The fifth Richtmyer Memorial Lecture of the American 
Association of Physics Teachers, delivered on January 25, 


1946, at a joint meeting with the American Physical 
Society. : 


new facts and to appraise and interpret them properly 
in the light of prior knowledge. With constantly in- 
creasing understanding, it reviews and revises pre- 
viously accepted conclusions, theories and laws, and 
makes new applications of its findings. 


An appropriate comment, in justification of the 
expenditures needed to support research, is that 
whether it seeks to extend knowledge for its 
own sake or to achieve results with specific 
economic or social value, its raison d’étre is con- 
tribution to human welfare. In a group of physi- 
cists such justification is not needed. With the 
general public, however, continuous education in 
the significance of research is necessary, for, in 


the final analysis, all support for research must 
come from the public. 


* * * 


Here I should like to digress from my theme to 
point out its appropriateness to the Richtmyer 
Memorial Address, and to take note of some of 
the interesting and inspiring highlights of Richt- 
myer’s exceedingly active life. Floyd Richtmyer, 
though always interested in pure research, had 
first and foremost a pragmatic outlook on science. 
A friend who knows more Greek than merely 
the alphabet, as I do, tells me that pragmatikos 
in Greek means “versed in affairs’’—practical, 
efficient. This appraisal of the direction of Richt- 
myer’s interest would, I believe, be accepted by 
those who knew him well. It is given substance 
by the record of his untiring activity. 

What evidence would be more convincing, for 
example, than that the first article in the first 
issue (January 1917) of the Journal of the Optical 
Society of America was by Richtmyer on “Op- 
portunities for research,’”’ in which his use of the 
word conforms closely to the definition I have 
given? Or that, when The Review of Scientific 
Instruments, five years later, was joined with the 
Journal of the Optical Society, Richtmyer was 
Assistant Editor-in-Chief and Business Manager, 
and that the first issue carrying articles on in- 
struments reports an address by him at a joint 
dinner of the American Physical Society and the 
Scientific Apparatus Makers of America? In this 
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address Richtmyer discusses the importance of 
instruments as aids to research. Similar evidence 
continues. 

Is it coincidence, merely, that the first article 
in the first issue (February 1933) of the American 
Journal of Physics is by Richtmyer? It was en- 
titled ‘‘Physics is physics,” an address before 
Section Q of the American Association for the 
Advancement of Science, in which he drew the 
contrast between a knowledge of subject matter, 
as the first requisite to good teaching, with a 
knowledge of method. We find also that four 
days before his sudden and premature passing he 
gave an address at the Temperature Symposium 
in New York, sponsored by the American In- 
stitute of Physics, on the subject, ‘Instruments, 
the basis of progress.’”” Many of you know how 
my interests run to the subjects indicated by the 
titles of these articles and addresses. You will 
agree, I believe, that Richtmyer would have 
been interested in the theme of this lecture, and 
that he could have contributed many valuable 
idéas out of a rich experience. Assurance on these 
points guided my selection of the topic. 

In this series of memorial addresses it is not 
repetitive to mention several other facts in 
Richtmyer’s career that pertain to its close 
identification with our two societies here, with 
the Optical Society, and with the American In- 
stitute of Physics, or to refer to his wider in- 
terests. In 1936 he was president of the Physical 
Society, and, for the two following years, of the 
Association of Physics Teachers, in which his 
membership card bore the serial number /. The 
Association came into being at the Cleveland 
meeting in 1930—the same meeting at which 
the idea of the American Institute of Physics 
was born; and we may be sure that Richtmyer 
was present at both deliveries. It was through 
him that the infant Association of Physics 
Teachers, without assurance of survival in a 
time of depression, became a Founder Member 
of the Institute of Physics. 

The splendid cooperative effort of the five 
Founder Societies, the integration of which in 
the Institute came about through efforts to which 
Richtmyer contributed much, has placed Ameri- 
can physics in an extraordinarily favorable posi- 


1 Then called The American Physics Teacher. 
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tion for service to the nation and for the ad- 
vancement of all its fields of interest. Indeed, the 
Institute, with its serviceable headquarters build- 
ing of unsurpassed beauty, purchased, recondi- 
tioned and furnished out of contributions from 
individual physicists and friends of physics, is 
the envy of other groups in science and engineer- 
ing. That is true not only of the building, but of 
the organization itself. I trust that it is not in- 
appropriate to remark—since this annual ad- 
dress was instituted by the Association of Physics 
Teachers—that this association, whose member- 
ship now exceeds 1300, has given valuable aid in 
the development of the Institute. It would be 
satisfying to Richtmyer to see how, after ten 
years of struggling with problems of organization 
and finance, both Association and Institute have 
developed to their present enviable status. It 
was he who selected for the Association’s Oersted 
Medal that most appropriate scene—the teacher, 
Oersted, discovering the magnetic effect of the 
electric current in the course of one of his lec- 
tures—and for procuring the die from which the 
medal is struck. 

In adding to the evidence of his being ‘‘versed 
in affairs” of physics, I must, for the sake of 
brevity, merely allude to other facts. In 1920 he 
was president of the Optical Society, and was its 
representative on the governing board of the 
Institute from 1931 to 1938; thereafter he con- 
tinued on the governing board as representative 
of the Association of Physics Teachers until his 
death. At that time he was also secretary of the 
American Association of Universities, and active 
in the American Association of University Pro- 
fessors. He was national president of the Society 
of Sigma Xi from 1924 to 1926, and chairman of 
the Division of Physical Sciences of the National 
Research Council from 1930 to 1935. 

Other activities and honors might be added. 
No physicist, to my knowledge, has ever lived a 
busier, fuller life; for all the things mentioned 
were extracurricular to his professorship and 
deanship at Cornell. I know of no other whose 
activity in physics and on behalf of physicists 
touched the careers and interests of so many; 
nor do I know any other who had so many con- 
tacts and so many friends outside the academic 
bounds with industrial scientists. A portrait of 
him must be dynamic; must, indeed, be a motion 
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picture. No life so active could be adequately 
portrayed in a “‘still.” 


* * * 


I shall try now to give at least a partial answer 
to a question important to this inquiry: What 
can the universities do to help restore the balance 
in our depleted scientific capital? Let us first 
consider the problem of manpower. 

Our wartime research and development made 
heavy demands on scientific capital by applying 
it to the practical ends of waging war. More 
seriously, our unenlightened if democratic Se- 
lective Service system reduced to almost nil the 
numbers of men in training to maintain and in- 
crease that capital. Physics has a vast job of 
restoration of both manpower and the scientific 
capital. This is uniquely the task of the two 
societies represented here. But we have the addi- 
tional task of providing trained physicists whose 
interests lie in the application of knowledge to 
peaceful pursuits, which is the prime objective of 
technological research. Here the shortage is 
equally or more acute. Thus we find in the entire 
area of research an obligation upon us, almost 
without precedent in magnitude, of restoring the 
means essential, yes, indispensable, to progress. 

M. H. Trytten, Director of the Office of Sci- 
entific Personnel, has shown convincingly how 
serious the deficiency is.? His study is based on 
the number of doctorates granted in the United 
States since 1913, in physics, chemistry, mathe- 
matics, geology and engineering. The Selective 
Service policy in this country during the war 
years is shown to have so reduced the number of 
trainees that we shall probably not return to a 
“normal” rate of granting doctor’s degrees before 
about 1955. Moreover, the deficiency in numbers 
of such degrees, resulting from the afore-men- 
tioned policy, will be of approximately the same 
order as the total number awarded from 1913 
to 1940. 

It is still undetermined what fraction of those 
who spent three or more years in the armed 
forces, who would otherwise have been in college, 
are likely to go to college and remain in training 
long enough to obtain a doctor’s degree. It is 
also uncertain whether many returning veterans, 


2‘*The impending scarcity of scientific pene” Sci. 
Mo. 60, 37-47 (1945). 
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former students, now entitled to the benefits of 
the GI Bill, will undertake graduate work in 
large numbers, and how many of these will 
choose a technological field. In brief, it is difficult 
at the moment to predict the output of doctor’s 
degrees in each of the next eight or nine years. 
But the serious shortage of manpower in educa- 
tional institutions and industrial laboratories will 
continue for from six to nine years. Everything 
possible must be done to alleviate it. 

Implicit in any measures to provide relief is 
the inescapable fact that departments of physics 
and, of course, the associated departments, must 
be ready, for a term of years, to carry excess 
teaching loads at all levels, including the gradu- 
ate. Larger demands for instruction in physics 
may be expected as a result of the wide publicity 
given physics for its war record. There is en- 
couraging indication that many veterans will be 
eager for training in science and engineering. 
Recruitment of students to the limit of depart- 
mental facilities and staff should present no 
great difficulty. It may be necessary to lower 
standards of admission somewhat, but we may 
hope that the greater average maturity of the 
students will offset this lowering by better 
scholarship resulting from a better understand- 
ing of objectives. 

There will be many potential physicists who 
are not entitled to veterans’ aid because they 
spent the war years as civilians in the labora- 
tories and works of contractors under OSRD 
and the Manhattan Engineer District. Some 
financial aid has been made available to them 
through the grants of fellowships at predoctoral 
levels out of Rockefeller funds, administered by 
the National Research Council. More of such 
assistance will be needed. Some doubtless will be 
provided by the Federal Government, under a 
statute still to be enacted, which should provide 
for scholarships and fellowships. It is reasonable 
to expect that any act of Congress establishing a 
National Science Foundation will broadly follow 
the recommendations of the Bush report. 

It seems assured also that a law will be en- 
acted—possibly the McMahon bill—for the de- 
velopment and control of atomic energy and that 
it will profoundly affect the technological re- 
search program in the university. A large part 
of the research sponsored by an atomic energy 
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control board will necessarily be technological, 
and will be done in laboratories of universities 
and colleges. The entrance of these institutions 
into the field of atomic research, will, in a manner 
as yet unknown, influence the pattern of their 
future programs for research and training. It is 
not too early for departments of physics to plan 
their adaptation to the major changes that may 
be initiated by congressional action in the near 
future. 

The new problems and responsibilities thus 
falling upon us will make imperative greater 
productivity in research by the university, pos- 
sibly with less time available for research. If we 
take these responsibilities seriously, we must 
devise the means and methods for accomplishing 
the task. It cannot be done by magic or with 
mirrors, but requires thinking and planning and 
initiative. No plan will automatically achieve 
realization; someone with interest and imagina- 
tion and conviction must work without let-up on 
getting it in operation. 

One suggestion looking toward better-trained 
and hence more productive personnel is a renewal 
of the study in which the Association of Physics 
Teachers was engaged before the war of the kind 
of training best suited to preparation for indus- 
trial physics, including technological research, 
and the prompt and wide dissemination of the 
findings and recommendations. It is generally 
accepted that such training, whether sponsored 
in departments of physics or chemistry or en- 
gineering, will reflect the recognized need for 
more fundamental and less specialized work. The 
common denominator of the endless diversity in 
specialized technology comprises physics, the 
science of matter and energy; chemistry, the 
science of materials; and mathematics, the sys- 
tem of rigorous logic indispensable to the other 
two fields. These must be included in abundance. 
We may be sure that the student who completes 
a well-devised curriculum along these lines will 
be prepared to engage in research under direction 
and very soon to proceed independently; or to 
assume technical responsibilities in business or 
industry so ably that his services will be in great 
demand. Discussions with directors of industrial 
research, in charge of laboratories in many fields 
of endeavor, indicate that they will take all the 
students with such training that we may provide. 
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Such a curriculum, then, without specialization 
during the undergraduate years, holds great prom- 
ise in the future of technological education and, 
by that token, in the future of our technology. 

It is probable that our best collective efforts 
in the college and university will fall short of 
meeting the needs of both universities and in- 
dustry for research personnel. What more can be 
done towards alleviating the shortage? One ob- 
vious way is to establish conditions that will 
enable the individual research worker to increase 
his output. Here the university can profit by a 
lesson from industry, where the individual spe- 
cializes instead of being the craftsman-of-all- 
skills. Moreover, the specialization can be ac- 
complished without submergence of the scien- 
tist’s individuality. The greatest gain can 
probably be made in a university in which many 
departments are engaged in scientific research. 

A suggestion for increasing the productivity 
of research was made and developed at some 
length in an address at the 1945 annual meeting 
of the Northwestern Chapter of the Society of 
Sigma Xi.* J shall not repeat the details here, 
but rather give a condensed review of the 
suggestion. 

For many years it has been my conviction 
that the physicist has too closely confined himself 
in his “ivory laboratory” to be as helpful as he 
might to his less fortunate fellow-scientists.‘ I 
say “‘less fortunate” because experimental science ° 
consists almost wholly of applying methods of 
measurement, and related methods of control, to 
the problems under study; yet few of the sci- 
ences, other than physics, undertake to give 
their students—even their graduate students—_ 
adequate training in this extremely important 
technology. The consequence is clear for all to 
see: research in the experimental sciences is 
greatly handicapped and its progress retarded 
by the fact that the researchers—specialists in 
their own fields—are not specialists in the appli- 
cations of physical laws and principles to the 
problems of measurement and control that arise 
in their investigations. The development of 
methods of measurement and of instruments and 
controls has been so intensive during the past 


3 Science 101, 569 (1945). 
4 Science 50, 199 (1919); 51, 384 (1920). 
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several decades that most scientists—including 
physicists—are being left behind as regards 
detailed familiarity with the whole field of 
‘‘instrumentology.” 


The word is a contraction of “instrumental technology.” 
It means the application of a technology to scientific re- 
search by which the attack on problems of both pure and 
applied science is greatly facilitated. ‘“‘Instrumentology”’ 
was chosen rather than “instrumentation” because the 
latter has come to denote the art of applying instruments 
and methods in which measurement is implicit to produc- 
tion and other commercial activities such as transporta- 
tion and public utilities. Instrumentation implies engineer- 
ing and production. Instrumentology is nearer the areas 
of research; in its development through engineering it 
becomes instrumentation. 


Briefly, the proposal for one aspect of tech- 
nological research in the university, by which all 
other experimental research may be stimulated 
and its productivity increased, is to establish a 
research service center, staffed with competent 
personnel, to specialize in that technology with- 
out which there could be no scientific research. 
Obviously, with few exceptions, the head of each 
division of instrumentology comprising the center 
would be a physicist, specializing in his particular 
field of interest. To cite a few examples of suit- 
able divisions to be represented, we may think 
of spectrography and spectrophotometry, ap- 
plied optics and photography, x-ray diffraction 
and radiography, electron diffraction and mi- 
croscopy, heat and temperature, vibrations and 
acoustics, separation of isotopes, or the experi- 
mental methods in nuclear studies. Those in 
charge should be available as consultants to 
their scientific and engineering colleagues, and 
should train and supply the technicians to apply 
instrumentology to the problems presented. 
Their own exercise of scholarship and publica- 
tion would be in their own fields of specialization, 
and in new methods of applying their specialties 
to problems in the sciences, engineering or 
medicine. 

The greatest advance to be anticipated from 
the arrangement in question would be in the 
overlapping areas of scientific fields, where bi- 
ology, chemistry, geology, engineering, psy- 
chology and medicine find common ground with 
physics. Associated with such laboratories would 
be shops for working metals, glass, plastics and 
any other materials useful in research. The shop 


THE UNIVERSITY 169 
personnel would include technicians skilled in 
general laboratory techniques, and designers who 
could aid in producing special apparatus, with 
an eye to simplicity of design and construction. 

Since the methods of experimental research so 
largely comprise the methods of instrumentology, 
the group of research service centers would con- 
stitute a superb training ground for senior and 
graduate students in methods of research. 

The objection that a research service center 
as visualized would involve great expense is met 
by at least two pertinent observations: such a 
group is as important to the progress of the ex- 
perimental sciences as a great research library is 
to the nonlaboratory fields of scholarship; and 
the increased output, of better quality, resulting 
from the saving of time for the research spe- 
cialist, would fully justify the cost. Moreover, 
the vastly improved service that the university 
would be in position to render in research and 
development in the fields of applied science 
would make the establishment of such centers 
highly desirable if not essential. 

In further developing our subject it is helpful 
to think of a diagram like a target, with a central 
area surrounded by concentric zones. The central 
area represents research in pure science. It is the 
core, the nucleus, of the larger structure. The 
concentric field contiguous to the central area 
represents the research out of which applica- 
tions of the new knowledge begin to appear. The 
boundary between the two fields is not definable 
with great precision, for in the processes that go 
on in each there is inevitably a transfer of con- 
tent in both directions, and it is difficult in many 
instances to say with assurance that a particular 
activity belongs in the one or the other of the 
areas. As by-products of pure research there are 
frequently obvious applications of its results that 
may be inseparable from the basic work. Again, 
as by-products of applied science there frequently 
appear some additions to or some clarifications of 
fundamental knowledge; or there may be de- 
veloped a procedure, an instrument or a method 
that may prove highly valuable in pure research. 
In the outward direction there is that constant 
flow from the field of pure research which be- 
comes the basis for technological research. One 
of the most striking illustrations of this process 
was the great undertaking of applying our basic 
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knowledge to the development of instruments of 
war. 

The next surrounding area of endeavor is that 
in which the results of research and development 
in the laboratory are carried forward by those 
professional services known as engineering; or, if 
we began in the sector of biology, it might con- 
stitute the practice of medicine, and other serv- 
ices to the public health. This area, like the one 
it encloses, has problems peculiar to its own 
activity, problems that also call for creative 
effort. Its greatest activity, however, is in formu- 
lating and applying the knowledge that originates 
in the first area and becomes the basis for trial 
and application in the second, where, in the 
language of the patent law, it is “reduced to 
practice.” 

In this third zone the compilation of data and 
of known exact relationships among quantities 
brings the equations and formulas expressing 
such relationships to the point where they may 
be confidently used in studying and solving the 
problems of manufacturing, transportation, com- 
munications, agriculture, public health, or of any 
other field in which the material needs of man- 
kind are to be studied and methods of satisfying 
those needs improved. You will have recognized 
the third area as including all the different kinds 
of engineering that have grown out of pure and 
applied science. Between the second and third 
areas, as between the first and second, a sharp 
boundary cannot be drawn. Technological re- 
search is, in the main, found in the second and 
third areas; but an occasional incursion into the 
central area is not excluded, particularly in view 
of the close relationship between progress in pure 
science and the advancement of instrumentology. 

To complete the description of the target dia- 
gram, and in so doing to underline the fact that 
the end in view of all of these activities is the 
satisfaction of human needs, we add a fourth 
zone and assign to it the supplying of both con- 
sumable and durable goods and services. This 
emphasizes again that the raison d’étre for re- 
search is its potential contribution to human 
welfare. 

In examining the question of “technological 
research in the university,’ one consideration 
must be whether there are kinds or types of re- 
search that a university should or should not 
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undertake to do. No question of ethics seems 
involved, so long as the results hold promise for 
the welfare rather than the detriment of the 
public. On the basis of ethics, then, a university 
may not be criticized on the ground that its re- 
search lacks profundity, or that too little of it 
is in the central area of our diagram. If its policy- 
making body decides that its laboratories may 
undertake ‘‘commercial testing,” which is at the 
opposite end of the scale of desirability from re- 
search aimed at the discovery of pure knowledge, 
no criticism may attach to that policy on ethical 
grounds so long as there is no competition for 
such work with commerical laboratories estab- 
lished for that purpose. What, then, consitutes 
a basis for judging what kind of research is appro- 
priate for a university? 

All universities strive for distinction, and justi- 
fiably so; and any university is worthy of what- 
ever distinction it may achieve by the main- 
tenance of high standards in both teaching and 
research. The reputation of the university as an 
institution where scholarship is given the en- 
vironment in which it can flourish depends on 
its providing such an environment so that 
scholars may be attracted to it. Where scholar- 
ship flourishes, there also are found the most 
satisfactory and effective conditions for impart- 
ing learning to the students. The university’s 
greatness lies in the renown of the scholars on its 
faculty, as judged by their fellows, and the rec- 
ords of achievement of its students and alumni. 
Scholarship is not the monopoly of any one col- 
lege in a university. It may be as profound in 
engineering, applied science and medicine as in 
the liberal arts, nor is it diminished by the fact 
that improvement in standards of living may be 
its motive. In these areas of application, as in 
the central area, the purposefulness of the uni- 
versity to achieve greatness and distinction 
through the eminence of its faculty and the 
scholastic achievement of its students provides a 
guide for the kind of technological research to be 
undertaken. Determining the kind of research, 
then, depends on the ends to be achieved. If 
distinction as a seat of learning is one of those 
ends, the course is fairly set. A further guide lies 
in the fact that the university is a nonprofit 
institution, established for the benefit of the 
public. 
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On these grounds we can with some assurance 
establish principles to govern the selection of 
problems and projects, and indicate the condi- 
tions under which technological research may be 
conducted. I have ventured to prepare an outline 
of general statements of policy relating to re- 
search, patents and consulting work in a uni- 
versity. Explanatory comments are appended to 
each statement or group. The application of such 
an outline of policy to the individual institution 
will require modifications to suit it to local 
conditions. 

(1) The university fosters and supports re- 
search that it believes will add to fundamental 
knowledge, provide more accurate basic data, 
contribute to the training of students, and in- 
crease the intellectual competence of those who 
plan, direct and carry out the work. 


As a first condition, then, a problem in technological 
research should challenge the intellectual resources of the 
university. It should be the means for developing the schol- 
arship of its staff and for training its young men and women 
in the methods of scientific research. 


(2) In addition to research which it supports 


out of its regular budget, the university can 
make contributions in scientific and technological 
fields by undertaking cooperative research, em- 
ploying university facilities, directed and carried 
out by its staff, and sponsored by outside agencies 
under grants of funds made by these agencies. 
Such grants may come from individuals, from 
departments of federal, state or municipal gov- 
ernments, from nonprofit organizations and asso- 
ciations, and from industry. 


To benefit the public, the results of research must in 
most cases be “reduced to practice’ and made available 
to the public through industrial organizations. This points 
to technological research in cooperation with industry. 
Such research may properly have industrial and com- 
mercial implications. It provides opportunity for training 
students who may thus become qualified to take research 
positions in industry. This aspect of technological research 
in the university has gained importance in view of the 
growth of industrial interest in research and development, 
and the resulting growth in the number of laboratories 
being established by industries of all kinds. Industries will 
continue to look to the universities to supply the personnel 
for these laboratories. 

In undertaking a project, there should be no profit 
motive on the part of the university. The university has 
responsibilities to the public; conversely, the public has 
responsibilities to the university. When the results of re- 
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search are notable, the responsibility of the public will 
find its expression in support of the institution through 
gifts and grants or, in state institutions, through more 
ready acceptance of the obligation to allocate funds de- 
rived from taxation. It is not in keeping with the dignity 
of a university to engage in commercial practices for profit. 


(3) Research projects, cooperatively under- 
taken by the university and an industrial or 
other grantor, should preferably be long range 
projects of fundamental importance which an 
industrial unit or group is not in position to 
undertake in its own laboratories. 


In view of the previously stated objectives, it seems 
that most technological research carried on in the uni- 
versity with outside support should be devoted to problems 
of broad scope and of general interest to industry which 
an individual member of an industry would normally not 
undertake to solve. Similar problems may be undertaken 
for technical committees of professional organizations 
whose interests lie in specialized fields such as railroad or 
air transportation, public utilities, sanjtation, food pro- 
duction and processing, building construction and the like. 

At the opposite end of the scale from the long range 
problems of fundamental importance is work that may fall 
in the class of commercial testing. Although this is unde- 
sirable, there are conditions under which the university 
might reasonably undertake it. For example, the testing 
equipment at the university may be unique in its area, 
and the proposed tests will not become a prolonged, re- 
petitive program. Another possibility is that the explora- 
tion of a proposed long range project may require a pre- 
liminary program Of testing. In both instances, the uni- 
versity would be justified in undertaking the less desirable 
work, 

In undertaking cooperative research, care must be ex- 
ercised to avoid having the university become a consultant, 
with laboratory facilities, in problems that normally fall 
within the domain of commercial laboratories, or that an 
industrial enterprise can readily undertake on its own ac- 
count. Neither the university nor members of its staff 
should become sources of “‘cheap” research or consultation 
for outside agencies. ‘ 

(4) The university in all cases reserves on be- 
half of its faculty the rights to publication of the 
results of any creative work carried on with its 


facilities and under its supervision. 


If the results of research cannot be published, whatever 
has been accomplished in the work adds neither to the 
prestige of the university nor to the professional stature 
of the faculty member. Publication of results must be re- 
garded as an essential part of the project. Under some 
circumstances it is proper to defer publication for a short 
period; but the stated objectives are not met if the uni- 
versity enters into a confidential relationship with a grantor 
which guarantees that all results flowing from the work 
become exclusively the grantor’s property. 
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(5) The university will safeguard the interests 


of grantors, subject only to the prior claim of the 
public interest. 


In view of the grantor’s forward-looking interest, mani- 
fested in his giving research funds, it seems only right that 
he have a preferred position in the results of work which 
he supports. The grantor is given immediate access to 
results as they develop; he has first opportunity to observe 
and select for his own laboratories research workers being 
trained in fields of his interest; and, in general, he should 
be the preferred beneficiary under patents that may emerge 
from the research and that lie in the field of his commercial 
interest. In other fields, the university should be free to 
negotiate license agreements with other agencies. 


(6) Projects will not be initiated on the ground 
that they may result in patentable inventions or 
discoveries, with the purpose in view of obtaining 
income from royalties. If, in the normal activity, 
there is discovery or invention, the university 
may require the filing of a patent application and 
assignment to the university, so that the dis- 
covery or invention may be properly managed 
in the public interest. Any net income to the 
university arising out of such administration of 
patents is an incidental benefit, and such funds 


are properly employed in the furtherance of re- 
search and education. 


A university in which an extensive research program is 
fostered will, sooner or later, be faced with a decision: 
what to do about patents. If the decision is laissez faire, 
“let nature take its course,” there will be no vexatious 
questions to consider, no troublesome judgments to pass. 
But there is hazard that, in taking this position, the uni- 
versity is shirking a responsibility to the public; for the 
patent system confers the right to exclude, a right under 
which the university might well be able io prevent un- 
ethical exploitation of the invention. 


(7) The university may procure or dispose of 
patent rights, and undertake to issue licenses 
under patents which it owns, or in which it has 
equities, at its own discretion. 


This point of policy gives the university freedom of 
action in managing its patent matters. A private university 
is in position to act as a corporate entity; a public institu- 
tion may find it desirable—and this may be true also of the 
privately endowed one—to organize a subsidiary non- 
profit corporation for the purpose. In some cases the public 
interest may require that the university acquire and hold 
a patent or patents that did not result from its own re- 
search, but that is an essential unit in a patent structure 
which might otherwise be difficult to administer. 

The subsidiary nonprofit corporation is not to be con- 
fused with a research foundation, of which there are nu- 
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merous examples; its charter could, of course, be drawn 
to include the usual functions of the research foundation. 

The strong impact of the idea of the research foundation 
on many institutions seems to stem from the mistaken im- 
pression that here lies the solution of the problem of financ- 
ing research in the university. The train of thought seems 
to run like this: ‘‘Make an invention, find licensees, collect 
royalties, support research, make more inventions,’”’ and 
so ad infinitum. Few patents indeed yield large royalties, 
and the probability that any of these will be in the hands 
of a university is exceedingly small. If net royalties are 
considered, the odds are great that for a period of years 
the nonprofit corporation would show a great deal of non- 
profit. A research foundation built solely out of patents 


would provide poor support for the research structure 
erected upon it. 


Some universities, rather than handle patent matters 
directly or through a subsidiary corporation, have made 
arrangements for an organization such as the Research 
Corporation to carry the entire responsibility. No doubt 
this relieves the administration of many perplexities and 
perhaps some embarrassment. 


(8) An invention made by a staff member 
without the use of university facilities or financial 
support is the sole property of the inventor. 

(9) The university recognizes the community 
of its own interest and that of its faculty in 
discoveries and inventions made by the latter, 
and will determine appropriate compensation to, 
or other method of rewarding, a member of the 
staff whose invention may result in a patent 
from which net royalty income is derived. 

(10) An invention made by a staff member in 
a research supported by university facilities or 
funds, including funds received by the university 
from an outside agency, is to be reported to the 
university for determination of procedure. The 
university may require assignment to it of pat- 
ents resulting from work done under its auspices. 

(11) The university approves of consulting 
activities by members of the faculty, provided 
that the project is worthy of the time and effort 
required of a capable scientist or engineer, and 
provided that the time spent on such work does 
not interfere with the individual’s obligations to 
the university. If university facilities are used in 
connection with consulting services, such use 
must be subordinated to the need for these 
facilities in education and research, and the con- 
sultant will arrange with his client to have the 
university reimbursed for the use of the facilities. 
No faculty member engaged in supervising or 
working on a research project which is aided by 
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a grant to the university from an outside agency 
may enter into an individual agreement or con- 
sulting relationship involving financial or other 
valuable consideration with that agency on the 
subject covered by the grant. 


Writing an outline of policy to govern the relations be- 
tween a university and its faculty in matters of inventions, 
patents and consulting services is a difficult assignment. 
It may be even more difficult to administer. A staff member 
with tenure may be presumed to have such maturity of 
judgment and integrity that he requires no statement of 
policy; he will look out for the interests of his employer and 
will not subordinate them to his own. However, if the uni- 
versity undertakes to establish orderly management of its 
patent affairs, it must be in position to require the assign- 
ment of right to discoveries or inventions made as part of 
the staff member’s regular duties, with university facilities. 
If extra compensation for rights assigned to the university 
is generous, it may constitute too strong an incentive, par- 
ticularly to the lower-salaried members of a staff, to devote 
effort to inventing, rather than to important problems less 
promising in patentable prospects. 

Outside consulting service, too, may be so lucrative 
that increasing time and effort are devoted to it, thus re- 
ducing the quality of the consultant's scholarship and 
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services to the university, and offsetting the assumed 
benefits derivable from such work. The matter is perhaps 
self-correcting, for advancement in salary and rank gen- 
erally must be earned. 


A large part of the future research in a uni- 
versity having schools of science, engineering and 
medicine will be technological, with increasing 
numbers of projects in which several depart- 
ments will cooperate. Such projects may be ex- 
pected to yield results of relatively greater im- 
portance than those confined to a narrow field. 
In the associations of these several departments 
in research, physics has the responsibility of 
giving more of itself to the common effort be- 
cause it has more*to give; for the whole body of 
experimental procedure is an application of 
physical principles and laws. The import of this 
fact is that the physicist must become more 
cosmopolitan in his scientific interests, and be 
ready to render the assistance that he is so well 
qualified to give. In that way he can assure in- 
creased output and quality of all technological 
research. 


The Social Implications of Atomic Energy 


ArtTHuR H. Compton 
Washington University, Saint Louis 5, Missouri 


HE release of atomic energy means that 

wars must cease. This is by all odds the 
most important direct social implication of the 
ability to release the energy of the atomic 
nucleus. There are other social implications also, 
resulting from applications of atomic power to 
industry, of radioactive materials to medicine, 
and of tracer atoms to the solving of scientific 
problems. 

The development of the nucleonics industry 
from new basic discoveries in science is another 
step toward making of mankind a socially- 
minded world community, with resulting major 
effects on education, social attitudes, and ob- 
jectives of life. But first and foremost is the fact 
that wars are on their way out, and in order to 
keep them out, some form of world government 
is on its way in. 


Various publications! are now available that 
help us understand how the energy of the atomic 
nucleus is released, and how the nuclear chain 
reaction occurs. The atomic power piles operating 
under smooth control at Chicago, Clinton, Rich- 
land and Los Alamos show that the energy of 
the atomic nucleus is harnessed. The explosion 
in New Mexico and those at Hiroshima and 
Nagasaki that dramatically followed it seem 
perhaps like the recollections of a frightful dream. 
But they are convincing demonstrations that if 
we let another war come, the destruction will 
be terrific. 


1H. D. Smyth, A general account of the development 
of methods of using atomic energy for military purposes .. . 
(Princeton Univ. Press); also, Rev. Mod. Physics 17, 351 
(1945); Britain and the atomic bomb (British Information 
Service); also, Rev. Mod. Physics 17, 472 (1945); R. J. 
Stephenson, ‘“‘A brief account of the physics of the atomic 
bomb,” Am. J. Physics 14, 30 (1946). 
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I shall not delve into the problem of how the 
world is to organize itself to prevent the re- 
currence of war. This question is in the much 
more able hands of Professor Shotwell.? I must 
rather speak of the effect on our society of the 
adjustment to the realities of atomic bombs, 
describe as well as I can the significance of the 
peaceful applications of atomic energy, and point 
out the social trends that are being accentuated 
by the whole development of nucleonics. 

In speaking of the adjustment to the realities 
of atomic bombs I shall make certain assump- 
tions. First, I shall suppose that the nations of 
the world, seeing the prohibitive cost of war, will 
work vigorously and determinedly toward a 
situation in which international war is virtually 
impossible. Second, recognizing that this stable 
situation cannot be reached at once, I shall 
assume an interim period during which each 
nation must continue to prepare itself to ward 
off or resist attack. How long this interim period 
will last, Professor Shotwell can estimate much 
better than I. But I cannot see how the necessary 
world adjustments needed for stability can be 
made before 1950, and if they are not made 
before 1970, they will probably be too late to 
avert catastrophe. My own thinking is based on 
a ten-year period ending in 1955, by which time 
the nations will see that their safety is better 
served by placing all major war powers in inter- 
national hands. I hope the time may be shorter. 

With this picture in mind, I doubt whether 
we should attempt now to disperse our cities or 
place our key industrial plants underground. If 
the indications become clear that no assurance 
of peace will come from international agreements, 


such extreme measures will then become a. 


necessity for survival. Now we should rather 
assume success, and provide for our own pro- 
tection in other ways. We can, I think, assume 
that no nation will attack us if we are known to 
be prepared for a reply with devastating power. 
This retaliatory power we can maintain, using a 
combination of modern military developments, 
including atomic bombs, without undue strain 
on our national economy. Thus we can avoid the 
disruption of our life that would follow, for 


2J. T. Shotwell, ‘The international implications of 
nuclear energy,” in this issue. 
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example, from spreading the activities now 
centered in New York throughout the Catskills 
and the Allegheny Mountains. 

Thus, more than ever before, society can now 
afford to become peace-minded, so long as we 
make sure that there is adequate provision to 
take care of the renegade nation or group that 
wants to prey upon a peaceful world. The main- - 
tenance somewhere of adequate police power, 
armed with the most modern weapons, can 
provide this precaution. Until an international 
organization is prepared to function in this 
police capacity, we ourselves must at least main- 
tain the partial assurance of peace that our own 
armed strength can provide. Other nations will 
have to do the same. 

Our outlook thus becomes world-wide. No 
longer is this world interest for cultural and 
commercial reasons alone. More significantly 
now it is because our only assurance of con- 
tinued peace is in reliance on agreements with 
other nations. The whole civilized world is 
perhaps for the first time convinced that war is 
too destructive to be considered as the alterna- 
tive to the unpleasantnesses that cause quarrels, 
and hence that these quarrels must be solved by 
peaceful means. Atomic bombs are thus an im- 
portant factor in forcing all men to become 
world-minded. The effect of such world-minded- 
ness on education, industry, culture and religion 
is sure to be great. 

Let me now turn to the practical peacetime 
applications of atomic energy and their effects 
on society. Atomic energy can be released either 
explosively or so gradually that the resulting 
heat is carried away as rapidly as it is produced. 
So far, no one has proposed any important 
peacetime use of atomic explosions. They are too 
big for the ordinary jobs of industry, being 
equivalent to an explosion of from 1000 to 
100,000 tons of TNT. The cost per unit of energy 
released by present atomic methods is not 
greatly different from that of TNT. Though this 
might be reduced by tenfold ot more by future 
developments, we do not now see any important 
engineering tasks that can profitably use such 
mighty explosions. 

The controlled release of nuclear energy is, 
however, of great practical importance. While 
there are several other possibilities, the most 
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obvious method of producing power from atomic 
fission is to heat a cooling agent such as air or 
steam or liquid metal in the chain-reactor unit, 
and pass this heated coolant through a heat 
exchanger which heats the steam for driving a 
turbine. Beyond the heat exchanger of such a 
plant everything would be done according to 
standard practice. Up to the heat exchanger, all 
the design requires new features, among them 
protection against the extreme radioactivity of 
everything, including the coolant, that has been 
exposed to the neutrons released during the 
fission. 

The chain-reacting unit itself can assume many 
forms. The one essential is that it shall contain 
a fissionable substance such as uranium, either 
in its natural state or, if a small unit is desired, 
enriched with additional .U?* or plutonium. 
H. D. Smyth! has described in some detail how 
this active material can be combined with a 
moderator such as carbon or beryllium or heavy 
water so as to bring about the chain reaction. 

The large atomic-power plants now used for 
producing plutonium have in them many tons 
of natural uranium and graphite. By using 
uranium containing more than the usual fraction 
of U5, chain-reacting units have been built 
that are of much smaller size. 

There is however, a lower limit to the size and 
weight of an atomic-power plant that is imposed 
by the massive shield needed to prevent the 
photons and neutrons and other dangerous radia- 
tions from getting out. Next to cosmic rays, 
these radiations are the most penetrating that 
we know and, for a plant designed to deliver, 
for example, no more than 100 hp, are enormously 
more intense than the rays from a large supply 
of radium or an x-ray tube. To reduce them to a 
harmless level of intensity, a shield equivalent 
in weight to at least 3 ft of solid steel is needed. 
The principles underlying the absorption of 
photons are such as to rule out any lighter shield 
if protection against the rays is necessary. Thus 
there is no reason to hope that atomic-power 
units for normal uses can be built that will 
weigh less than about 100 tons. Driving motor 
cars or airplanes of ordinary size by atomic 
power must thus be counted out. 

Prominent among the advantages of atomic 
power are the extraordinarily low rate of fuel 
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consumption and consequent low cost of fuel, 
the wide flexibility and easy control of the rate 
at which power is developed, and the complete 
absence at the power plant of smoke or noxious 
fumes. With regard to fuel consumption, the 
fission energy available from a pound of uranium, 
when completely consumed, is equivalent to 
that from over a thousand tons of coal. With the 
prewar price of uranium oxide at roughly $3.00 
per pound and of coal at $3.00 per ton, this 
would mean the economical use of uranium as 
fuel if only one part in a thousand of its avail- 
able energy is used. Actually, we should expect 
the first plants built for producing atomic power 
to be considerably more efficient than this in 
their use of the fission energy, which would 
mean a substantial cost advantage in favor of 
uranium. 

However, one must also consider the cost of 
purifying the uranium and fabricating it into 
the desired form. For certain types of power 
plant under consideration, some separated 9.U?* 
is required, and this is expensive. An attempt 
to consider all such factors indicates that the 
fuel cost of the atomic-power plant of the future 
will nevertheless be small as compared with the 
corresponding fuel cost of a coal-burning plant. 

In considering the economic aspects there are, 
however, many other factors. It is not really 
possible for these to be explored until we have 
actual experience with atomic-power plants. 
First is-the capital cost. Clearly, if ome must 
charge against the capital cost what is spent in 
research and development, this cost is very high 
indeed. But, if one looks forward to a billion 
dollar a year national industry based on atomic 
power, the nation can afford a considerable in- 
vestment in the research and development re- 
quired to bring this industry into being. It 
appears not unlikely that, when this develop- 
ment is completed, the cost of building and 
maintaining a large scale atomic-power plant 
may compare favorably with that of a coal- 
consuming plant of the same capacity. 

The terrific blasts produced by the atomic 
bombs have led to unwarranted fear of acci- 
dental explosions resulting from the normal use 
of atomic power. Explosions such as destroyed 
Hiroshima cannot occur accidentally. Such ex- 
plosions must be carefully planned. The danger 
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of explosions of the ‘‘boiler’’ type with an atomic- 
power plant are about the same as with a steam 
plant, which is to say they are practically 
negligible if the plants are designed and handled 
by competent engineers. 

There is, nevertheless, real possibility of dam- 
age to health of the operating personnel from 
ionizing rays emitted by the plant itself and by 
all materials that are taken out of the plant. 
These materials could become a public hazard. 
This is the problem of the health of radium and 
x-ray workers, repeated here on a grand scale. 
That the problem can be solved is shown by 
the fact that in all of the operations of the 
existing half dozen or more such plants, some of 
which have now been working for years, not a 
single serious exposure has occurred. This, how- 
ever, is owing to the thorough inspection and 
vigilant care given by a competent health staff. 
In some of the experimental work we have not 
been so fortunate. Until we become much more 
familiar with nucleonics than we are at present, 
atomic-power plants can be safely operated and 
serviced only with the help of health supervisors 
who are familiar with radiological hazards. 

All of this points toward using atomic power 
first in relatively large units where careful engi- 
neering and health supervision can be given. 
An obvious suggestion is its application to the 
power and heat supply of cities and of large 
industrial plants. It is not unlikely that within 
ten years the power companies designing new 
plants for city service will be considering favor- 
ably the use of uranium instead of coal for purely 
economic reasons. 

This of course does not mean that atomic 
power will put coal out of business. Each will 
have its own field. For small heating units, such 
as the kitchen stove, atomic power has no place. 
If our national economy grows as it should, 
coal as a chemical agent—as, for example, in 
blast furnaces and preparation of organic chemi- 
cals—will increase in importance. 

From the point of view of the national 
economy, the introduction of such a new source 
of power is a clear gain. If it lessens the cost of 
heat and power to our cities, it will be a stimulus 
to every industry. If it reduces the pall of winter 
smoke, it will be a boon to us all. If it gives cheap 
power where industry and agriculture need it, 
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but cannot now get it, it will extend our economic 
frontiers. These are possibilities that lie immedi- 
ately before us. 

I have discussed the place of power production 
in some detail because it is one of the most 
obvious and definite of the practical applications 
of nuclear energy. But it is not the most dis- 
tinctive, for we have long had many sources of 
power. Much more distinctive is the use of 
nuclear fission as a source of neutrons. Neutrons, 
in turn, are useful for transmuting atoms from 
one isotope into another, and for a variety of 
scientific tasks. 

Of the transmutation processes, the most 
important one at present is that of making 
plutonium out of uranium. Previous to the 
fission chain reaction, the most abundant source 
of neutrons was the cyclotron. Per unit of input 
power, the fission of uranium gives some 10,000 
times as many neutrons as a cyclotron, and it is 
not difficult to excite a chain reaction that 
delivers 100 times as much power as is used by a 
cyclotron. This means that the large amount of 
atomic power which we are now using for the 
particular job of producing neutrons is doing that 
job many times as efficiently as the best electric 
machine we have been able to devise can do it. 

Looking to the future, we may expect the use 
of neutrons for transmutation to become of in- 
creasing importance. Thus plutonium will pre- 
sumably be produced for peaceful purposes as a 
concentrated source of energy. Per unit of avail- 
able energy it could be produced by present 
methods at a cost comparable with that of gaso- 
line. Since a pound would do the work of a 
thousand tons of coal, this cost would be justified 
where fuel weight is important. 

It is impossible to predict just what radio- 
active substances will be found to have industrial 
importance. In the 50 years since their discovery, 
radioactive materials have not come to play an 
important part in industrial chemistry. Perhaps 
now that these materials will be cheaper and 
available in a much wider variety of chemical 
forms, more uses for them will be found; but I do 
not foresee here any revolutionary industrial 
developments. 

Similar considerations apply in the field of 
radiation therapy. The value of radiation in the 
treatment of certain tumors is well established. 





SOCIAL IMPLICATIONS OF ATOMIC ENERGY 


There is nothing, however, that would lead us 
to expect a difference in kind between the effect 
of the rays from these artificial materials and 
those that occur in nature. Nevertheless, there 
will be some advantages in the ease of treatment 
with these new substances. 

The most important new field opened to us by 
transmuted substances now seems to be that of 
scientific exploration. By the use of ‘tagged 
atoms,” identifiable because of their distinctive 
radioactivity, chemists see new ways of studying 
molecular structure. Biochemists look for ad- 
vance in the understanding of the living cell. 
Physiologists hope to learn more of the nature 
of the process of life. We can well imagine such 
studies leading to an understanding of the 
nature of abnormal cell division, resulting per- 
haps in a cure for cancer. Whether in pure 
science, in industry, or in medicine, such applica- 
tions may become of far-reaching importance 
indeed. 

Fifty years ago it was evident that x-rays 
were useful for “seeing”? through objects, such 
as the human body, that are opaque to ordinary 
light. It could not be predicted that x-rays 
would become a powerful weapon in the fight 
against cancer, or that researches made possible 
by x-rays would reveal the electron, and with 
it give us the radio and a host of electronic 
devices. Such unforeseen developments are the 
result of every great discovery. It would be 
surprising if the really important consequences 
of the release of atomic energy were not in 
directions as yet unpredicted. 

I am inclined to believe, however, that the 
most important social consequences of the release 
of atomic energy are not those which are unique 
to this discovery, but are those which it shares 
with the innumerable other advances of science 
and technology. | refer to such matters as the 
fact that the development of atomic energy 
has made the world acutely aware of the im- 
portance of highly specialized knowledge. Be- 
cause we had the physicists and chemists who 
understood atomic nuclei, the very name of 
which was unknown to most of the educated 
world, we were able to put a sudden stop to a 
tragic war. The case of atomic energy has thus 
accentuated the trends already clearly recog- 
nizable as a result of centuries of growing science 
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and technology. I should fail to answer truly the 
question as to the social implications of atomic 
energy if I did not describe these trends. 

Let me mention three directions in which 
science is forcing us to change our social customs. 
The first is toward increasing education and 
specialized training. The second is toward im- 
proved cooperation and coordination of effort 
between individuals and groups. The third is in 
the direction of finding and establishing common 
objectives toward which to strive. All of these 
trends are strikingly illustrated in the atomic- 
energy project, and its success accordingly gives 
added impetus to the trends. 

Consider the fact that the only persons who 
could outline the atomic program and carry out 
the underlying studies were those whose training 
in science went far beyond that of the usual 
four-year technical college. The value of thorough 
training and the intimate knowledge of a field 
that comes only from research became strikingly 
evident to all connected with the project. Here is 
just one more example of how the individual can 
do his part better with a thorough training, and 
how the social group is strengthened by having 
within itself specialists in many diverse fields. 

Similarly, the second trend—that toward co- 
operation—is an obvious corollary of specializa- 
tion, for the specialist can live only if he shares 
the products of his efforts with those who follow 
other specialties. As in the other war projects, 
cooperation in the atomic program was well 
organized and whole-hearted. Especially worthy 
of note, however, was the fact that those who 
were working together were of the most diverse 
types. I do not refer to such differences as race 
and religion; these were present in abundance, 
but all persons concerned with the prdject worked 
together without thought of them. The differ- 
ences that were more difficult to resolve were 
such as these: the scientist could not under- 
stand the industrialist’s insistence on careful 
preliminary planning; the Army found the scien- 
tist undisciplined in taking and giving orders; 
the mechanics, as well as the scientists, found the 
health rules irksome. Differences of opinion con- 
tinually arose—sometimes violent ones—but they 
had to do with the best method of doing the job. 
And because all were determined to get the job 
done well and fast, when progress demanded it, 
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the differences were forgotten, agreements were 
reached, and the work went ahead. Everyone 
wanted to work with the others in the most 
effective manner. 

In such will to cooperate, we see the basic 
principle of a smoothly working society. It is a 
hard lesson to learn. But, by and large, the trend 
is there, nation-wide strikes notwithstanding, 
and the experience and requirements of atomic 
energy cannot but hasten the trend. 

The third trend is harder to establish by 
reference to what we see going on. It is, how- 
ever, one necessitated above all others by atomic 
energy. This trend is that toward the develop- 
ment of common objectives. 

In the atomic program the great objective 
which all accepted was to make good atomic 
bombs as quickly as possible. Since all were 
united as to goal, cooperation and coordination 
of effort came willingly. Now we find that we 
have unprecedented fighting power. If people 
are not to do themselves great damage they 
must find the goal which all the world is seeking. 
This is the goal of eliminating war. Failure to 
unite on this goal will bring severe punishment. 
Success will bring a rich human reward. Other 
goals may be questioned, but here is one that 
all mankind must recognize. 

Evolutionary processes, since they involve the 
survival of the best adapted, must eventually 
result in the replacement of any social system 
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that fails to bring out the full strength of a 
people. Thus we look with confidence to more 
and better training of our citizens, to more 
cordial cooperation, and to the development of 
objectives that will challenge every man to do 
his best. The experience of the atomic project, 
the great powers that the release of atomic 
energy has put in men’s hands, and the unity 
of all peoples in the dread of further destructive 
wars—all are emphasizing these trends. 

In summary, therefore, | would note that by 
far the most significant direct social effect of 
the release of atomic energy is to unite the world 
in an effort to eliminate war. We have reason to 
hope that this effort may be successful. 

The anticipated peacetime consequences of 
atomic energy are significant, but far from 
revolutionary within the visible future. Atomic 
power used in large units is a promising develop- 
ment. The scientific use of radioactive tracers 
may well open us to new levels of understanding 
of chemical and biological processes. 

Most significant of the social implications of 
atomic energy may be perhaps its indirect effects 
in accelerating the social trends toward increased 
education and training, toward a more complex 
and hence more cooperative society, and toward 
finding common objectives for which people will 
willingly devote their efforts. These are con- 
structive trends which add to the richness of 
human life. 


OO many, men of science have said: ‘‘I am not interested in politics.” Now the politicians 
have become too interested in the men of science, and as a result many had found themselves 
in custody, and their books burnt. Science has a social value, and the man of science cannot wash 
his hands of his discoveries. It is his duty to see that they are used for the betterment of mankind, 
and not for its destruction. In future he must be continuously alert to insure that fascism does not 
reappear under some other name elsewhere in the world.—G. FOURNIER, quoted in Nature 152, 


307 (1943). 
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N all the history of politics there is nothing 
comparable to the revolutionary effect of the 


atomic bomb. Its announcement by President 


Truman and Secretary Stimson last August was 
a solemn warning, even in the heart of the war, 
that the weapon which scientists and engineers 
had created for the purpose of destruction might 
destroy not only civilization but the earth itself 
unless it could be brought under effective and 
responsible political control. 

Yet no political body existed, or ever has 
existed, capable of exercising the control neces- 
sary to meet so great a danger. The only place 
where political power has been lodged which even 
approximates that necessary for effective control 
of atomic energy is to be found in the govern- 
ments .of national states. Indeed, down to the 
present time, they have always reserved to them- 
selves in their dealings with one another those 
final questions that are matters of vital interest 
to any of them. 

Thus it was that the bursting of the atomic 
bomb brought thoughtful people everywhere 
face to face with the fact that this national state 
system, which until now has been regarded as 
the supreme political creation of modern times, 
is wholly inadequate to deal with the universal 
fact which now confronts us. 


A Paradox—and Facts 


Under the impact of this new situation the 
first and most natural impulse was to attempt 
to turn the corner on all the past and to demand, 
immediately, a world government capable of 
doing what national states could not do, namely, 
to provide a universal guarantee of safety against 
universal danger. It is significant that this move- 
ment for world government was strongest in 
those very nations whose political structure is 
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based upon the English tradition of representa- 
tive self-government. 

Here is a paradox which seems to have escaped 
attention. For this demand that national sover- 
eignty be surrendered to world government was 
based upon a theory almost wholly contrary to 
that upon which representative self-government is 
founded. In the emergency, world government 
seems to have been conceived as a device for 
safety; and safety under the conditions of modern 
warfare calls for quick executive decisions and 
speed in action. The actual prevention of the 
threat of war, like that of war itself, is possible 
only by an immediate exercise of power because 
of the deadly timetable which has to be met in 
the hour of crisis. 

Therefore, the proposal to set up world govern- 
ment primarily as a defense mechanism against 
the danger of atomic war would, on the one hand, 
threaten the whole structure of democratic life 
throughout the world unless its field were limited 
to the one specific purpose; on the other hand, 
such limitation on the meaning of “‘world govern- 
ment” makes the term a misleading one in the 
light of our achievements in civil liberty. 

What is needed, rather, is an international 
system for peace and security which, while pro- 
viding against the danger of scientific warfare, 
will enhance, rather than lessen, the growth of 
domestic freedom. That, then, is the modern po- 
litical problem created by the scientific revolution 
of today. 

Clearly it is not a problem that can be solved 
by concentrating all attention upon the conquest 
of the atom, or even upon all the other major 
achievements of modern science. For political 
problems cannot be solved by ignoring the na- 
ture of politics or the history of the national state. 
Political creations are never wholly new. In-the 
past, even the most revolutionary movements— 
for example, that of the French Revolution, 
which swept away the old regime in Europe— 
were the culmination of forces already in exist- 
ence. And in the future, the age of atomic 
energy will still have national governments to 
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reckon with, which, like those of the pre-atomic 
age, will be the symbols of a nation’s life. There is 
no way of getting around these fundamental facts. 

It follows, therefore, that the problem of the 
international implications of nuclear energy can- 
not be solved without due regard to the history 
of the national state, both in domestic and 
foreign affairs. Let us look at those elements in 
that history which bear directly upon the crisis 
of today. 


National States—and War 


The nation that pioneered in developing the 
national state was England, and the time was 
the seventeenth century. Nowhere on the Euro- 
pean continent had there been anything com- 
parable to what culminated in ‘the Glorious 
Revolution of 1688” in which the British Parlia- 
ment took over the prerogative of kingship and 
the liberties of citizens were guaranteed in an 
epoch-making Bill of Rights. 

It was to preserve liberties thus won after 
centuries of struggle that, almost a century later, 
English colonists in America declared their inde- 
pendence from an arbitrary royal government 
and thereafter set up safeguards of individual 
freedom in a Constitution and a Bill of Rights. 

On its heels had come the French Revolution 
with its Declaration of the Rights of Man and 
the Citizen. This was a genuinely French ex- 
pression, owing little to the experience of other 
nations; but when, in sequence, other Euro- 
pean peoples, throwing off their despotic govern- 
ments, established new systems, most of them 
followed the English model. 

As the nineteenth century progressed, how- 
ever, it became evident that the English me- 
chanics of government did not wholly suit the 
continent. The chief reason for this was the 
prevalence of wars there, which gave to the 
military class an importance denied them in the 
British Isles. This trend toward autocracy was 
checked throughout the nineteenth century by 
liberal movements, but finally culminated in the 
Fascist-Nazi philosophy which came to a head 
between the two World Wars of the twentieth 
century. 

From this skeleton outline of a vast range of 
history it is evident that war or the threat of it 
is the chief enemy of freedom, not only to con- 
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quered peoples but to their conquerors as well. 
Therefore, the next chapter of history to which 
we should turn is that of the international rela- 
tions of these states and especially with reference 
to their wars. 

Throughout all the past there have been pro- 
tests against the horrors of war, and idealists 
have ventured to draw plans for permanent 
peace. Yet these efforts at moral reform had little 
or no practical effect upon the policies of nations 
prior to the twentieth century. All that interna- 
tional law attempted to do was to suggest ways 
for settling disputes, which the nations were free 
to ignore; or to lessen the horrors of war by nar- 
rowing its scope. The culmination of this trend 
of partial reform came in the Hague Conferences 
of 1899 and 1907, conferences which were pri- 
marily intended to stop the race in armaments, 
but which did not even stop that. What was 
achieved was the erection of a voluntary court to 
which nations might or might not turn as they 
chose, plus a modification of the rules of war to 
make it less horrible. In 1914, war itself was still 
the admitted arbiter of the fate of nations. 


Attempts at Geneva and Washington 


In recoil against this, under the lead of Presi- 
dent Woodrow Wilson at Versailles in 1919, a 
step forward was taken when, in Article 1 of the 
Covenant of the League of Nations, it was de- 
clared that ‘‘war or the threat of it anywhere in 
the world was a matter of concern to all mem- 
bers” and that the Council should take such 
measures as it deemed necessary to preserve the 
peace of nations. In Article 15 was left a loop- 
hole, providing that if a nation found that it 
could not get the justice it desired in the settle- 
ment of its disputes, it might resort to war. How- 
ever, the League Covenant interposed every possi- 
ble method of pacific settlement before a member 
state was free to take matters in its own hands. 

This was as far as the world was willing to go 
at the end of World War I and, as history proved, 
was even more of an obligation to preserve the 
peace than most of the nations were willing to 
accept. The United States of America, itself, 
kept out of the League, thus weakening the 
fabric of world solidarity. 

Then the movement. toward disarmament, 
stillborn at the earlier Hague Conference, was 
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taken up again at the Washington naval dis- 
armament conference in 1921, called by Charles 
Evans Hughes as U. S. Secretary of State. 
American public opinion applauded that bold 
effort of American initiative. The slogan of the 
hour was, ‘“‘The path to peace is by disarmament, 
and the way to disarm is to disarm.” 

Continental European countries, on the other 
hand, still suffering from the ravages of World 
War I, refused to accept the American lead. 
They insisted that our slogan was utterly mis- 
leading; that nations could only disarm in pro- 
portion as they were granted security by other 
means. Their reasoning was sound, as we would 
have recognized had our frontier on the East been 
the width of the Rhine instead of the Atlantic 
Ocean. Nor did the League of Nations itself 
offer them a full guarantee of peace. Conse- 
quently, the Europeans set about implementing 
the League Covenant. In 1924, at a historic 
meeting, the Assembly passed what was known 
as the Protocol of Geneva, an amending treaty 
to be accepted by all League members, in which 
war was at last declared to be an international 
crime, and the nations signatory to the Protocol 
bound themselves together to protect one another 
in case any nation went to war against any other. 

This Protocol of Geneva was never well known 
to this country because we were not members of 
the League, but it might have played a great 
role in European history. Had it been adopted, 
the Second World War could not have happened 
as it did. Unfortunately, a few months after 
Premier Ramsay MacDonald of Great Britain 
had accepted the Protocol in Geneva, he was 
overthrown in a general election. The conserva- 
tive government which came to power refused to 
ratify the Protocol on the familiar ground that 
it could not take an indefinite obligation to help 
preserve the peace against an aggressor—insist- 
ing that it must be its own judge as to whether 
the accused nation was really an aggressor or not. 
Thus a great fabric of European solidarity to 
preserve the peace broke down—this time by the 
refusal of the British to accept the political judg- 
ment of the League. 


The Locarno Treaties—and Hitler 


Instead of accepting a general commitment, 
the British stated that they were ready to agree 
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to limited and definite commitments. The For- 
eign Minister of the new German Republic was 
quick to take the hint, and proposed a guarantee 
of peace limited to the territories surrounding its 
frontiers. The Treaties of Locarno in 1925 were 
the result of Stresemann’s suggestion. In them 
Great Britain and Italy bound themselves to 
support either France or Germany in case the 
other invaded its soil or went to war in violation 
of the common pledge to submit disputes to 
peaceful settlement. The same kind of guarantee 
applied to Czechoslovakia and Poland. Thus 
Britain became a guarantor of peace within the 
territorial limits covered by the Locarno Treaties. 

When Hitler came to power in the 1930's it 
was not long before he tested the strength of 
these Treaties. First he invaded the Rhineland 
and nothing happened. Then he took Austria; 
still nothing happened. Then he turned against 
Czechoslovakia, and at Munich the French and 
British once more gave in. Finally he attacked 
Poland, the last in the series of violations of the 
Locarno Treaties. Then, when it was too late, 
Britain and France took up the challenge, not 
just to save Poland, but in the name of law and 
order among European nations. 

These origins of the Second World War bear 
directly upon our problem today for, while this 
political history was getting under way, the 
Disarmament Conference at Geneva continued 
to function in 1934-35, and finally worked out 
plans for linking security with disarmament in a 
far-reaching scheme in which Soviet Russia 
played a leading part. But just then Hitler 
withdrew from the Conference and announced 
his program of rearmament. England and France 
were forced to follow the Reich’s lead as quickly 
as possible, although both countries were far 
behind in the armament race. 

The outstanding conclusion from those years 
is that there will be no way of checking the race 
in atomic weapons in future years unless, at the 
same time, we set about the elimination of war 
itself; and that the outstanding example of how 
this can best be done is the unratified Protocol 
of Geneva. 


Renunciation of War 


This cannot be said for the Kellogg-Briand 
Pact which absorbed much attention in this 
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same decade—an ill-fated document which at- 
tempted to register the outlawry of war. It was 
Aristide Briand, Foreign Minister of France, 
who on April 6, 1927—the tenth anniversary of 
America’s entry into the First World War— 
challenged the conscience of America with the 
proposal that the United States join with France 
in a renunciation of war an an instrument of 
national policy, that we accept a joint commit- 
ment to be signed by all nations never to resort 
to other than peaceful means in the settlement of 
disputes. At that time Senator William E. Borah 
was the dominant influence in foreign policy at 
Washington, and he had espoused the conten- 
tion of the Chicago lawyer, Salmon O. Levinson, 
that there must be no distinction drawn between 
aggression and defense, and that the Kellogg- 
Briand Pact must apply to all war. Thus we 
signed a treaty purporting to outlaw all war 
while our government insisted that wars of de- 
fense were legitimate. Hence each country that 
went to war need only claim, as it always had, 
that it was fighting in self-defense. 

Bearing though it did the signatures of 60 na- 
tions, the Kellogg-Briand Pact, built on this 
flimsy premise, was never a serious bulwark for 
world peace. It should have accepted the defini- 
tion of aggression that underlay the Geneva 
Protocol: namely, that any country which goes 
to war in violation of its given pledge to settle 
its disputes by peaceful means, is an aggressor, 
no matter what the nature of its grievance. 
Moreover, the Pact added to its logical contra- 
diction the further weakness that there was no 
provision whatever for enforcement—so that its 
renunciation of war remained little more than a 
moral gesture. 


San Francisco and the ABC Convention 


This is the history that lay behind the making 
of the Charter of the United Nations, framed at 
San Francisco. The Charter itself carefully avoids 
any reference to the Kellogg-Briand Pact, al- 
though its authors may have thought they were 
even going beyond that instrument in listing 
among its purposes and principles the obligation 
that ‘‘all members shall settle their international 
disputes by peaceful means in such a manner 
that international peace and security and justice 
are not endangered.”’ Unfortunately, this com- 
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mitment is in what might be regarded as a pre- 
amble; and although Chapter 6, on “The Pacific 
Settlement of Disputes,’”’ provides an iron-clad 
system for settling disputes peacefully, the veto 
of the Great Powers might conceivably be used 
by any one of them to escape the final jurisdic- 
tion of the Security Council itself. 

The real situation, therefore, at the present 
time, is that the Charter needs to be buttressed 
by additional treaties, one to implement its con- 
trol of armaments and the other to provide a 
realistic, binding covenant against war itself— 
or by a single treaty combining both armament 
control and a revival of the principles of the 
Kellogg-Briand Pact with force behind it. 

With reference to the international control of 
atomic weapons, three important steps have al- 
ready been taken. The first of these was agree- 
ment reached between the United States, Great 
Britain and Canada (on November 15, 1945), 
known for short as the ABC Agreement. Sec- 
tions VII and VIII of this document furnish the 
program for what followed. It is therefore worth 
while to quote them literally: 


VII. In order to attain the most effective means of 
entirely eliminating the use of atomic energy for de- 
structive purposes and promoting its widest use for 
industrial and humanitarian purposes, we are of the 
opinion that at the earliest practicable date a com- 
mission should be set up under the United Nations 
Organization to prepare recommendations for sub- 
mission to the organization. 

The commission should be instructed to proceed 
with the utmost dispatch and should be authorized to 
submit recommendations from time to time dealing 
with the separate phases of its work. 

In particular the commission should make specific 
proposals: 

(a) For extending between all nations the exchange 
of basic scientific information for peaceful ends; 

(6) For control of atomic energy to the extent neces- 
sary to insure its use only for peaceful purposes; 

(c) For the elimination from national armaments of 
atomic weapons and of all other major weapons adapt- 
able to mass destruction; 

(d) For effective safeguards by way of inspection 
and other means to protect complying States against 
the hazards of violations and evasions. 

VIII. The work of the commission should proceed 
by separate stages, the successful completion of each 
one of which will develop the necessary confidence of 
the world before the next stage is undertaken. Spe- 
cifically, it is considered that the commission might 
well devote its attention first to the wide exchange of 
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scientists and scientific information, and as a second 
stage to the development of full knowledge concerning 
natural resources of raw materials. 


This program for the United Nations Organiza- 
tion was preceded in the ABC Agreement by a 
statement that “‘detailed information concerning 
the practical industrial application of atomic 
energy” would not be made available until ‘‘ef- 
fective, enforceable safeguards against its use for 
destructive purposes could be devised.”’ 


Action at London 


In the Moscow Conference of December 16- 
26, 1945, the program of the ABC Agreement was 
adopted, but the communiqué omitted any refer- 
ence to the safeguard clause [Section VII(d) ] of 
the ABC Conference. This point was raised by 
Senators Vandenberg and Austin, who went to 
the President and to Acting Secretary of State 
Dean Acheson to find out if this safeguard clause 
had been dropped or not. They were reassured 
on the point not only by the President and Mr. 
Acheson, but also by Secretary of State James F. 
Byrnes upon his return. Yet the record did not 
seem wholly satisfactory, and it was not until 
Secretary Byrnes met with the American delega- 
tion to the UNO Assembly in London in January 
that all doubt was removed from the minds of 
its participants. His frank statement that the 
secret of making the bomb would not be revealed 
until there were safeguards against the hazards 
of violation and evasion was apparently accepted 
in Moscow because no contradictory voice was 
raised even in the Soviet press. 

Therefore the agreement of the ABC Confer- 
ence of November 15 remains the basis of the 
program taken over by the United Nations. 

Turning now to the action of UNO itself, a 
good theoretical case could be made for placing 
the control of atomic energy in the hands of the 
Assembly rather than of the Security Council, 
because the Assembly is, in theory, the supreme 
body. According to Article 11 of the Charter, 
“it may discuss any questions or matters within 
the scope of the Charter,’’ and, under Article 11, 
‘may consider the general principles of coopera- 
tion in the maintenance of international peace 
and security including the principles governing 
disarmament and the regulation of armaments 
and may make recommendations with regard to 
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such principles to the Members, or to the Se- 
curity Council, or to both.” 

These wide powers would surely include such a 
revolutionary development in international rela- 
tions as that involved in the control of atomic 
energy. 

The Security Council, on the other hand, is an 
emergency body primarily concerned with the 
settlement of disputes. However, it is also re- 
sponsible (Article 26 of the Charter) “for formu- 
lating with the assistance of the Military Staff 
Committee . . . plans to be submitted to the 
members of the United Nations for the establish- 
ment of a system for the regulation of arma- 
ments.’’ Under this provision the Security Coun- 
cil thus has a more definite mandate than the 
Assembly to deal with a change in the nature of 
armaments. 

The Assembly recognized this fact when in 
London on January 24 it set up a Commission 
for the Control of Atomic Energy—for it made 
the membership of that commission identical 
with the membership of the Security Council 
with but one exception, which is that Canada 
should be a member whether it were a member 
of the Council or not. It also directed the Com- 
mission to submit its reports and recommenda- 
tions to the Security Council. 

Furthermore, in order to leave no possibility 
of doubt as to the place of this Control Com- 
mission in the UNO, the resolution of the As- 
sembly stated that “in view of the Security 
Council’s primary responsibility . .. for the 
maintenance of international peace and security, 
the Security Council shall issue directions to the 
Commission in matters affecting security.” On 
these matters the Commission is accountable for 
its work to the Security Council. Only in matters 
not affecting these grave questions of war and 
peace would the Security Council be called upon 
to transmit reports of the Commission to the 
Assembly or to the Economic and Social Council. 

In short, the Council retains final control with 
reference to recommendations “for the elimina- 
tion from national armaments of atomic weapons 
and of all other major weapons adaptable to mass 
destruction” and for the erection of “effective 
safeguards by way of inspection and other means 
to protect complying States against the hazards 
of violence and evasions.”’ 
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I repeat these technical phrases in order to 
point out that the program is substantially that 
first set forth by the United States—for the 
formula is the same as that employed in the ABC 
Agreement. 

Tripartite Advisory Body 

Now just where does this political provision 
for the control of atomic energy by the United 
Nations leave us? Obviously it is an incomplete 
provision. 

If the Security Council ‘needs a military staff 
committee to advise it on armaments of the pre- 
atomic age, surely it will require the services of a 
technical body to analyze the problems and to 
prepare plans for the control of atomic energy 
and the other major weapons of mass destruc- 
tion to which reference is made in these docu- 
ments. Only highly competent specialists can say 
whether the safeguards which have been pro- 
posed are adequate or not. 

Indeed, the very first step in the establishment 
of an international control system—that of in- 
spection—needs to be clarified and its possibili- 
ties explored by those who know the nature of 
the problem. As for the control itself, no easy 
formula is available for the politician or states- 
man to apply. The problem is far more compli- 
cated than that of pre-atomic armaments, both 
because of the far reach of atomic power and be- 
cause of the pioneering nature of the experiments 
which we have made so far. 

On the other hand, it would not be wise to 
leave the whole problem entirely in the hands of 
scientists, for many of their technics do not apply 
without modification to the problems peculiar 
to politics. Therefore, there should be, alongside 
the scientists, men who are experienced in the 
conduct of public affairs and especially in the 
working of international organizations. And 
along with both should be the military experts— 
not to dominate discussions but to prevent the con- 
clusions from losing sight of their main objective. 

I suggest, then, that a tripartite body of this 
nature is necessary for the effective carrying out 
of the purposes of the commission on atomic 
energy. Its power, however, should be limited to 


1 This remark applies to experts rather generally. The 
specialist has a limited range of interest and should not 
displace statesmen in the determination of great issues 
which reach into many fields. But statesmen must rely on 
experts for both the statement of the problem and the 
test of adequacy in proposed solutions. 
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recommendations to the Security Council. A 
technical body, no matter how highly qualified 
by knowledge and experience, should not have 
the final decision—even in matters that lie so 
largely within its field as that of atomic energy. 
But such recommendations by a body as com- 
petent as this could not be readily passed over 
by the Security Council. 


International Inspection 


The way in which these organs of the United 
Nations could work can best be seen by pausing 
a moment upon the matter of international in- 
spection. Preliminary studies have already shown 
that it is impossible to devise a system of in- 
spection which would be a perfect safeguard 
against the surreptitious violation of interna- 
tional rules by a nation intent upon preparing 
for aggression. Moreover, the opportunity for 
evasion will increase geometrically with the 


.progress of science, if that progress during the 


past few years is any indication of what will 
happen in the future. 

Scientifically, therefore, one can say that in- 
spection will break down, for it can never be 
complete. Politically, however, it may be ade- 
quate—and this is a point of supreme import- 
ance—if it can be developed to the point of 
indicating where a nation or an enterprise within 
a nation seems to be engaged upon suspicious 
activities or becomes unduly secretive concern- 
ing its activities. Now there is reason to hope 
that the technics of international inspection can 
be carried this far—perhaps not with complete 
efficiency, but with enough guarantee against 
evasion to permit nations to proceed with their 
peaceful activities, unhampered by the haunting 
fear of secret preparations for atomic war against 
them. 

This conclusion is not unduly optimistic, be- 
cause, when we analyze the problem of security 
in detail, we find that no nation has ever been 
absolutely secure against attack. There has al- 
ways been the possibility that the barriers of 
even sea or mountains could be crossed by a 
potential enemy and that more powerful weapons 
or greater skill in generalship could bring defeat, 
especially if the attack were secretly prepared 
and suddenly launched. Yet in recent times the 
civilized nations have lived in a relative sense 
of security, and war tended to recede from the 
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horizon except when militaristic governments 
were definitely set upon aggression. This trend 
of history away from constant war toward the 
regime of peace remains an established fact in 
spite of two world wars which, in a superficial 
reading of history, seem absolutely to deny it. 
But both World Wars—especially the second 
one—have made the problem of security all the 
more real from the fact that war between the 
Great Powers is no longer a military exploit but 
a universal catastrophe. The one outstanding 
lesson of both of them is their vast futility. That 
lesson will not be learned at once by those whose 
minds are numbed by the catastrophe or warped 
by hatred; but if intelligence is to play any part 
in the direction of human affairs, we should surely 
be able to count upon a new and stronger trend 
toward peace and away from war. 

The establishment of international inspection 
may therefore be something more than a first 
step towards international control. Even if no 
other steps were taken looking to the enforce- 
ment of peace, an agreement not to keep arma- 
ment preparations secret might eliminate from 
international relations the poison of suspicion, 
which is one of the deadliest of all poisons in 
human affairs. But this first step implies the 
second one of international supervision of con- 
trol. There must be force behind the agreements, 
and that force must be adequate to rid the 
world of any threatened illegal use of ‘atomic 
weapons and other major weapons of mass 
destruction.”’ It is wrong, however, to deal with 
this problem wholly in terms of police power. 
The principle upon which the new world order 
must be based, the only principle upon which 
peace will be secured, is that of the common 
interest of all nations in the elimination of the 
greatest danger of all times. It is not enough 
merely to get rid of armaments. The atomic 
bomb has at last made clear the imperative need 
of getting rid of war itself. 


The Prevention of War 


Following the model of the Geneva Protocol, 
the prohibition of aggressive war must be made 
real and, to make it real, must not only have 
force behind it but must rest upon a definition 
of aggression which, if applied, will curtail the 
application of the veto power, and insure rapid 
and effective action against an aggressor. The 
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definition needs to be reconsidered in the light 
of atomic warfare, but the fundamental principle 
of the Protocol remains: namely, that any nation 
is an aggressor which turns from the peaceful 
means already accepted by it for settling dis- 
putes and prepares for war instead. ’ 

In applying this definition, the first question 
that arises is at what point in a situation which 
looks like a threat of war the international or- 
ganization should step in, and how. This is the 
point where most plans for world peace have 
broken down. But now the way lies open for its 
solution, if the provision for inspection of atomic 
weapons becomes an established routine and is 
not in the hands of militarists. The detection of 
any conspiracy against the peace by a commission 
largely made up of technical experts would be less 
affected by political prejudice and more objective 
in fact finding than any purely political arrange- 
ment of governments. 

Thus the problem of inspection could be made 
to work directly toward the prevention of ag- 
gressive war. I have not the slightest idea whether 
this suggestion will be deemed practicable by 
those responsible for our policy, but I am of the 
opinion that it is the best way open to us now 
to achieve results which are absolutely essential 
if civilization is to endure. 

In line with this conclusion, I may revert to 
my opening paragraph and point out that there 
is no more definite lesson from history than that 
the military authorities of a nation should not 
be master of its policies either directly or in- 
directly. This is not a new challenge. It has con- 
fronted civilization at the close of most wars in 
modern times. I do not anticipate any serious 
difficulty in this regard in our own country, but 
we must be mindful of the situation—and of the 
dangers to freedom which have always occurred 
where the problem of security takes the upper 
hand over that of human welfare. 

In this light, the debate over world govern- 
ment is seen in fresh perspective. We do not 
want our world organized solely on the basis of 
military needs—tending inevitably toward the 
militarization of government everywhere. World 
government must be our ultimate aim; but it 
must be so organized that the freedom, so hardly 
won in the past and in the war just terminated, 
shall be preserved and strengthened for the sake 
of all mankind everywhere. 
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HE welter of discussion everywhere about 

liberal education is evidence of the need 
for radical revision of undergraduate education 
to meet the needs of a changing world. The es- 
sential of education today, if our way of life is to 
‘survive, is to train students for active and re- 
sponsible participation in a democratic society. 
This means a course of study such that every 
student will come to understand the complex 
elements of modern society and their relation to 
one another, and will learn how to function 
democratically for the good of the whole. For 
many years the interests of science and non- 
science students have become more and more 
widely separated. This tendency has become so 
strong, not only among students but in the popu- 
lation at large, that unless it can be reversed 
there seems to be little hope that the developers 
and users of our new resources can create a 
better world. 

College faculties as a whole are not coping 
with this fundamental problem. Underlying 
many proposals now current for new curriculums 
is a blind faith that knowledge of the good things 
of the past will automatically provide solutions 
of contemporary problems. The importance not 
only of science but of scientific method in human 
affairs is minimized; the understanding of the 
arts by young scientists is neglected; training in 
democratic behavior in the classroom or in col- 
lege living is not mentioned. In order to study 
these problems a group of Vassar faculty carried 
out, in the spring of 1945, an experiment in co- 
operative teaching, results of which throw light 
on the teaching and learning processes of both 
faculty and students. 

Six members of the departments of English, 
Economics, Political Science, Sociology, Psy- 
chology, and Physics! gave to 20 freshmen a 
course called ‘“Today’s Cities’ that required the 


1 The cooperating members were Helen Lockwood, Pro- 
fessor of English and chairman of this group, Emily Brown, 
Professor of Economics, Lyle Lanier, Professor of Psy- 
chology, Frances DeLancy, Assistant Professor of Political 
Science, John Sirjamaki, Assistant Professor of Sociology, 
and Monica Healea, Associate Professor of Physics. 


students’ full time for ten weeks. Points equiva- 
lent to ten semester hours of credit were assigned 
to the course. This subject was chosen because: 
(1) cities are the cultural dominant of our time; 
(2) a city is a small enough unit so that students 
can study it without their ideas dissolving into 
vague generalities; and it is a large enough unit 
to include most, if not all, of the factors present 
in modern civilization, and hence the study of it 
requires a wide range of subject matter in a 
college curriculum; and (3) it was possible to 
start with the direct day-by-day experience of 
the students. They had all been in college two full 
terms, and the homes of all of them were in cities. 

The dangers of superficiality and spreading 
over too much ground were avoided by concen- 
trating on two themes, technology and democ- 
racy; on the study of two cities, Poughkeepsie 
and New York; and on the relationships of the 
natural and social sciences and the arts. Each 
teacher carefully distilled material from his field 
relevant to our purpose. 

The course was organized so that classes met 
with each teacher as in ordinary courses, and the 
work done under each teacher was valid aca- 
demically in its own right. The faculty members 
attended and took part in one another’s classes. 
Faculty and students met for a 2-hr session each 
week to consolidate the work of the course. The 
faculty met each week to analyze results and 
make plans. Classroom work was supplemented 
by field trips: walks through the streets of Pough- 
keepsie in a factory or business section, a middle- 
class home section and a very poor section; a 
three-day trip to New York, planned in masterly 
fashion by New York City officials to show the 
students how a big city works; a trip to the 
Vassar College power house. Students managed 
the trips, often made suggestions as to ways in 
which classroom objectives could be better 
achieved, and were franker than usual about 
their difficulties and doubts, heartened no doubt 
by the obvious creaking of the minds of the 
physics and the poetry teachers in each other’s 
classes. Faculty and students worked as a group. 
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The subject matter of the social sciences and 
of psychology progressed parallel to each other 
from week to week. This can best be described 
by listing the main topics in the order in which 
they occurred. Reading assignments and field 
trips supplemented the class work. 


Social Science 


1. Placing Poughkeepsie geographically and historically. 

2. Urban growth and population. 

3. How do people make a living today? 

4. How do people govern themselves? 

5. Functions of government: how are water power and 
other essential services supplied? Private versus public 
ownership; who controls a city? 

6. Family life in today’s cities, including economic 
aspects. 


7. Schools, churches, other community organizations, 
medicine, delinquency. 

8. City growth and planning. 
Psychology 


. Motivation. 

. Motivation and social relations. 

. Groupconflict: occupational adjustment and guidance. 
. Public opinion. 

. Competition versus cooperation. 

. Personality. 

. Mental health. 

. Community values and social action. 


The significance of these topics is self-evident. 
The teachers of these subjects started with the 
assumption that man and society are proper 
subjects of scientific investigation and that we 
may hope to learn about them as we have about 
“nature” other than man. As applied to indi- 
viduals a good deal of prejudice in the minds of 
the students had to be resolved. With respect to 
controversial subjects, such as public versus pri- 
vate ownership of public utilities, the students 
unanimously and on their own volition started 
the discussion on the assumption that these 
utilities should be run for the benefit of the 
greatest number of citizens. Some of them were 
astonished at the conclusions which they them- 
selves drew by logical deduction from this 
assumption. 

In order to place modern cities in their his- 
torical setting and to show how they developed, 
discussions were held on ancient and medieval 
cities, technology in ancient cities, the region of 
Poughkeepsie, and the growth of this city. Sev- 
eral other members of the faculty, expert in 
special fields, contributed to these and other 
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discussions. Other interested people contributed 
to a well-rounded picture of a city. The corpora- 
tion counsel and the probation officer of Pough- 
keepsie and a member of the Dutchess County 
Social Planning Council gave lectures at appro- 
priate points. In New York we were conducted 
by city officials to a housing project, parks and 
playgrounds, markets, department of water sup- 
ply (shafts, reservoir, laboratory), garbage and 
sewage disposal plants, offices of the City Plan- 
ning Commission, the borough president, and the 
mayor. Heads of departments lectured to us on 
the functioning of these departments. The mayor 
talked to us about the theory of government. 

In English, assignments included weekly sum- 
maries of the course. These summaries insured 
that all of the work was at the level of conscious- 
ness ready for use in the minds of the students at 
all times. During the first weeks the kinds of 
observations made in the laboratory, on the 
streets, in factories; the kinds of people that make 
up a city—nationality groups, people of different 
income levels, workers, owners of industry, man- 
agers, efficiency experts—were discussed. In ad- 
dition, students needed to face and to work out 
and evaluate the emotions aroused by the impact 
upon them of the technological and social forces 
present in a modern city. To this end Sandburg’s 
Smoke and Steel, The Windy City, and The People, 
Yes, Mangione’s Mount Allegro, Odet’s Awake 
and Sing, and Waiting for Lefty, Blitzstein’s The 
Cradle Will Fall, and Mumford’s “Essay on 
Honolulu,” in City Development, were studied in 
detail. It was interesting to note that the learning 
processes in physics and in poetry are closely 
similar, requiring a first approach to an idea, 
time for assimilation, and several more ap- 
proaches from different points of view before 
understanding is achieved. Intuitive imagina- 
tion based on knowledge plays a large part in 
both subjects. Moreover, the abilities and dif- 
ficulties of students in both are often similar. 

The role of physics in the course was considered 
basic not only with respect to the technology 
that underlies the very existence of a city but 
also to the nature of scientific method that has 
made technology possible and, in recent years, in 
modified form is responsible for enormous strides 
in psychology and the social sciences. The choice 
of subject matter to be treated in physics in 
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ten weeks was of course obvious. The mechanics 
and electricity of the conventional course in 
introductory physics are fundamental to the 
supply of water and electricity to homes, build- 
ings, transportation, industry. In mechanics can 
also be illustrated at an elementary level all of 
the elements of modern scientific method. A 2-hr 
laboratory period each week accompanied 3 hr 
of class work. Problems of the usual sort were a 
part of assignments. 

The concept of “physical law” was introduced 
the first day by a study of Hooke’s law as illus- 
trated by the behavior of a spring when weights 
are hung on it. Thus we were able immediately 
to state a relationship between two changing 
quantities, the stretching force and the stretch, 
other conditions remaining constant. This rela- 
tionship was described in words, plotted on a 
graph, and written in mathematical form. The 
fact that the measurements were not mathe- 
matically perfect as indicated by the formula 
and the straight line on the graph was pointed 
out. The limit of elasticity was also demon- 
strated. Hence the students had for reference 
not only for physics but in other parts of the 
course an understanding in a simple case of the 
concept of natural law and its limitations. We 
then studied the concepts of force, weight and 
mass, Newton’s law of gravitation, systems of 
units, and the use of instruments to measure 
length. The limit of accuracy of measuring in- 
struments was tied in with the previous state- 
ment that Hooke’s law is valid within experi- 
mental error. 

The laws of liquid pressure were next demon- 
strated and applied to the problem of water 
supply. New York City sent us pamphlets de- 
scribing how most of its water is brought down 
by gravity from reservoirs in the Catskills 70 mi 
away. Maps and pictures of aqueducts, one of 
which goes to a depth of 1200 ft under the Hud- 
son river, made this interesting particularly to 
students from New York. A trip to the Pough- 
keepsie water works illustrated a different kind 
of system in which water is pumped from the 
river and purified before it is used. 

We then discussed, in order, the laws of motion 
with constant acceleration; Newton’s three laws 
of motion; the concepts of work, energy, power, 
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efficiency; transformations of mechanical energy; 
machines; engines. 

The students now understood enough me- 
chanics to undertake an analysis of the develop- 
ment of mechanical theory and scientific pro- 
cedure as they culminated in the physics and 
astronomy of Galileo and Newton. Beginning 
with Ptolemy’s accurate and mathematically 
highly sophisticated geocentric description of the 
motions in the solar system, we came down 
through the heliocentric description of Co- 
pernicus; the tireless observations of Tycho 
Brahe; the Keplerian description—more accurate 
than that of Copernicus but still a purely mathe- 
matical description without physical basis; the 
experimental method of Galileo illustrated by the 
study of the motion of a ball on an inclined plane; 
Newton’s use of the equations F=ma and 
F=GMm/r as stating physical hypotheses from 
which by mathematical deduction he derived 
the laws of Kepler; the use of a good scientific 
theory not only to describe known phenomena 
but to predict future results, as in the case of 
the discovery of the planet Neptune. These steps 
in the development of scientific method can be 
easily understood even though the mathematical 
details cannot be filled in. 

The treatment of electricity included electro- 
statics, magnetism, direct-current electricity with 
its magnetic and heating effects, definitions of 
electric quantities and units, Ohm’s law, electro- 
magnetic induction, Lenz’s law, door bells, tele- 
phones, motors, generators, alternating current 
and the transmission of electric energy; trans- 
formation of the energy of coal or of a waterfall 
into electric energy, and the transformation of 
the latter into other forms; conservation of 
energy. 

In “‘Today’s Cities’ the psychologist and the 
social scientists made use not only of each other’s 
materials but also of the content and method of 
physics and technology, thus extending student 
understanding of scientific method in physics to 
fields where exact measurement and controlled 
experiment are often impossible. English, how- 
ever, was the principal synthesizing factor in 
the course. The teacher of English made into a 
whole the academic materials of the students, 
their experiences in laboratory and field work, 
their reaction to the ways in which technology 
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and social purpose determine the kinds of lives 
people live, and their search for their own place 
in the world. This was done, for example, in the 
reading of Sandburg’s The Windy City. On first 
hearing the students were swept along by the 
words, reliving their own experiences at home, 
in Poughkeepsie, and in New York, and feeling 
the impact of cities upon themselves and their 
kinship with the author in his attempt to de- 
scribe their world. Closer study and analysis, in 
the light of what they had been learning, brought 
out experiences and reactions and feelings dif- 
ferent from those of the author, re-interpretations 
more sound for their age and this time than 
Sandburg’s, and sometimes as poetically ex- 
pressed. For the physicist this was a unique 
experience. 

At the end of the course the students chose, 
as their final examination, to write pamphlets on 
“What is a City?”’. These ranged from pure ex- 
position to radio scripts, to an imaginative de- 
scription of an old man in the seventeenth cen- 
tury passing on the new scientific knowledge to 
a young disciple and foretelling how this know]l- 
edge would change the face of the world. 


The results of this course justified the hopes we 
had for it. One of our main aims was not only to 
orient the students with respect to their environ- 
ment and the numerous fields of knowledge with 
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which they find themselves confronted in college, 
but to give them a sense of direction in their 
study and in the life they lead outside of college. 
We hoped also that they would benefit from the 
kind of motivation that would lead them to 
elect such a course. There is no question that 
they did. One father wrote that the course was 
a 24-hr interest to his daughter and her friends. 
The students learned a surprising amount of 
physics in ten weeks, and each teacher felt that 
the amount accomplished was greater than the 
number of credits indicated. It was surprising, 
too, how the students matured in a course which 
they felt was theirs and which they were helping 
to shape. Moreover, the experiences of field trips 
made real their classroom work. This confirmed 
our opinion that the rate of maturing depends on 
kinds of experience rather than on time. 

Our conclusion from this experiment is that 
more courses of this type, involving groupings of 
subject matter around different foci, should be 
given by a considerable number of faculty. These 
courses would help students in finding their di- 
rection, give them skills to deal with real situa- 
tions, give knowledge of the past and the present 
real meaning with respect to life, and, lastly, 
break down departmental barriers and give back 
to faculty members the right and the delight of 
being educated in fields other than their own. 


HE philosopher should be a man willing to listen to every suggestion, but determined to judge 
for himself. He should not be biased by appearance; have no favorite hypothesis; be of no 
school; and in doctrine have no master. He should not be a respecter of persons but of things. Truth 
should be his primary object. If to these qualities be added industry, he may indeed hope to walk 


within the veil of the temple of nature —FARADAY. 





The Electronic Time-Delay Circuit 


I. CLyDE CorNoG 
University of Pennsylvania, Philadelphia 4, Pennsylvania 


EVERAL times within the last eight years I 
have encountered the practical use of a very 
interesting, even intriguing, electronic circuit in 
which the time required for partial discharge of 
a condenser through a high resistance is used to 
determine a time interval. For example, suppose 
some sort of device, say a motor, is to run for a 
predetermined time interval. One presses a but- 
ton, the time-delay circuit takes over; the motor 
starts, and after running for a specified length of 
time, stops. 

The time-delay circuit, as I shall call it, has 
striking possibilities in research, technology and 
instruction, but does not seem to be so well 
known as it deserves to be. It is not mentioned 
in a general work such as Reich’s Theory and 
A pplication of Electron Tubes.‘ It occurred to me 
that a discussion of the matter might be helpful 
to others. 

The general idea of this circuit? first came to 
my attention some years ago while designing an 
automatic cloud chamber. | used the circuit in 
the cloud chamber, as an auxiliary of the motor 
switching mechanism which determines the se- 
quence of the operations involved, and, later, in 
a device for cutting out, at a word, or handclap, 
the advertising twaddle in radio programs. Re- 
cently, advertisements of several different elec- 
tronic interval timers for use in connection with 
various ordinary photographic processes have 
appeared in photographic journals. The East- 
man Kodak Company® some years ago described 
a device that would start and stop a motion- 
picture camera at regular intervals. For example, 
in photographing the opening of a bud, one 
might want the camera to run for 5 sec, once 
every 30 min during a period of 24 hours. 

In this article I shall set out the fundamental 
principles involved in the operation of an elec- 
tronic time-delay circuit, and indicate some of the 


1H. J. Reich (McGraw-Hill, 1939). 

2J. R. Richardson, ‘A vacuum tube control circuit for 
cloud chambers,” Rev. Sci. Inst. 9, 152 (1938). 

3W. W. Eaton, “A flexible time lapse outfit,” Photo 
Technique (Dec. 1939). 


pitfalls to be avoided if the device is to operate 
reliably and reproducibly. Further, I shall point 
out in a general way certain details of construc- 
tion which may help in setting up such a circuit. 

Several basic features should be inherent in a 
time-delay circuit. First, the delay interval speci- 
fied by a given dial setting should be repro- 
ducible, the accuracy required of this reproduci- 
bility depending, of course, upon the use to 
which the device is to be put. Second, when the 
dial is again turned to this same setting, the same 
interval should follow, subject to the same con- 
ditions. Third, there should be a range, or choice, 
of interval values, of the required accuracy, 
suited to the operating circumstances. These 
items are problems of electronic circuit design. 

Figure 1(a) represents the basic time-delay 
circuit. Its operation is as follows. The tube is 
functioning under the normal conditions specified 
in the tube manual. The relay Z is energized by 
the plate current. The condenser C is practically 
uncharged. If the switch B is closed, the potential 
divider applies a potential difference of, say, 100 
v across the condenser, and the grid becomes 
much more negative relative to the cathode than 
it was previously. As a result, the condenser 
charges, and the plate current drops to such a 
low value that the relay Z fails, thus closing the 
load circuit L. This condition will continue until 
the switch B is opened. After B is opened, the 
condenser begins to discharge through resistor 
R, and, since the grid potential depends upon the 
state of charge of the condenser, this grid po- 
tential will become less and less negative as the 
condenser discharges. Finally, as the grid be- 
comes less negative and the plate current in- 
creases, the relay will operate, thus breaking the 
load circuit. The time-delay interval depends 
upon the capacitance of the condenser and upon 
the resistance R through which it discharges, 
other things being constant. 

The circuit shown in Fig. 1(b) differs from that 
of Fig. 1(a) in that the variable resistance A has 
been added. In this circuit, when switch B is 
closed, and the relay fails, current will pass 
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through resistor A and then through R, even 
after switch B is opened. The ir-drop in resistor 
R owing to the current in A thus insures a mini- 
mum potential difference across the condenser, 
and also a minimum potential of the grid. This is 
easily demonstrated by the fact that if the value 
of A is too low, the potential of the grid remains 
at such a negative value that the plate current 
never becomes large enough to operate the relay, 
and the system is then permanently inoperative, 
or blocked. As the value of A is increased, the 
limit imposed upon the final potential difference 
across the condenser is lowered, and the con- 
denser is allowed a longer time for discharge. 
Thus the resistor A represents an added control 
in the system. The relation between the time- 
delay interval and the values of A and R, for a 
circuit similar to that of Fig. 1 (b), are shown 
graphically in Fig. 2. 

The fundamental circuits just described have 
three undesirable features. (1) The voltages 
supplied by a power pack to various parts of the 
circuit may vary owing to changes in line volt- 
ages. (2) The relay fails, and the external circuit 
L is closed, when switch B is closed, yet the 
time-delay interval does not begin until switch 
B is opened; thus there will be some uncertainty 
in the value of the time interval owing to the 
impossibility of operating switch B always in the 
same way. (3) Most important, perhaps, is the 
fact that a relay does not invariably operate at 
the same current value. 

The circuits just described work reasonably 
well, within the limitations mentioned. For ex- 
ample, consider the circuit of Fig. 1(b). Any one 
of several types of tube may be used. If a 45 
tube is used, biased with a 1000-ohm resistor r 
in the cathode circuit, and with a 12-uf condenser 
C, 2-megohm resistor A, 20,000-ohm resistor S, 
1.5-megohm resistor R, the circuit will yield 
interval values ranging from 5 to 70 sec, the long 
ones being in general not closely reproducible. 

If a time-delay circuit is to be used to furnish 
reasonably reproducible intervals, the afore- 
mentioned faults must be eliminated. The vari- 
ous voltages required may be supplied by a 
suitable power pack, and indeed this is the most 
convenient method if other tubes, such as ampli- 
fiers, are also involved. If the circuit is to be 
manually operated, solely as an interval timer— 


Potential Divider. 


Potential Divider. 


_Fic. 1. (a) The basic time-delay circuit. (b) This circuit 
differs from that of (a) in that current through resistor A 
flows through resistor R, and sets a minimum limiting 
value to the potential difference between the terminals of 
the condenser, and therefore to the potential of the grid 
of the tube. 


as in photographic work, for example—the de- 
vice can be kept reasonably simple and inex- 
pensive by using a so-called ‘‘voltage doubler” 
tube to supply the voltage. I shall mention two 
such devices which I have come across. 

The first of these devices, which is described 
elsewhere in detail, exhibits only the first fault 
previously listed. It is simple and compact, and 
doubtless would serve very well. 

The second device® was intended primarily for 
photographic work, but it is well designed, and 
has none of the afore-mentioned faults. The cir- 
cuit diagram is given in detail in Fig. 3.6 The 
fluctuations of line voltage have been rendered 
ineffective by the use of a voltage-regulator tube 
VR 150. The time interval has been made inde- 
pendent of the peculiarities incident to manual 
operation of the starting switch, and independent 
of any relay action, by the use of a thyratron 
tube 2A4G. This tube is actually the starting 
switch of the circuit; the manually operated 
switch merely initiates the tube action. The 

4W. A. Porter, ‘Electronic photo timer,” Am. Pho- 
we, | 1945). 


ilson, ‘Electronic timing control,’’ Photo 
Technique (July 1940), 
6 Permission to reproduce this diagram has been kindly 
granted by the American Photographic Publishing Co., 
now owner of the defunct Photo Technique. 
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Time Delay interval in Seconds. 


Fic. 2. These graphs for the circuit of Fig. 1(b) show that the time-delay 
interval and the range of intervals depend on the value of resistance A as well 
as upon values of resistance R and capacitance C. In each case, the range of 
intervals reaches a limit of usefulness when the intervals become irreproducible. 
Finally, for each graph, the resistance R attains such a value as to cause the 
potential of the grid permanently to block the operation of the tube. 


necessary voltages are supplied by a voltage- 


doubler tube 117Z6G with filter circuit. It is 
obvious that the time-delay part of the circuit, 
with its voltage regulation, could be used with, 
say, amplifiers, in which case a more suitable 
power supply might be needed. 

Since the time-delay circuit just mentioned is 


in its various parts so fundamental and so well 
conceived, a description will perhaps be welcome. 
The time-delay section of the circuit lies to the 
right of the dashed line AA, Fig. 3, and this 
only will be discussed. 

In Fig. 3, the circuit is shown in normal steady 
operation. The grid is at filament potential, the 


Fic. 3. The circuit of an “interval timer” for general photographic use. The 
part of the circuit to the right of dashed line AA is the time-delay circuit proper; 
that part to the left of the line furnishes the required power and voltages. 





DEMONSTRATIONS IN MECHANICS 


tube is conducting, the relay is energized, and 
the power circuit is broken at the relay. If the 
push-button switch is now pressed down, points 
1 and 2 are no longer in contact, the negative 
potential has been removed from the filament, 
the tube no longer conducts, and the relay fails. 
No power passes to the enlarger (load), however, 
because points 4 and 5 are not connected. 
Further movement of the switch connects points 
2 and 3, whereupon the condenser is charged to 
a potential difference of 150 v, and the grid is also 
made 150-v negative relative to the filament. 
The push button is now released, and points 4 
and 5 are connected, thus permitting power to 
serve the enlarger, and, simultaneously, points 
J and 2 permit the condenser to begin its slow 
discharge through the 3-megohm variable re- 
sistor. Finally, the potential of the grid of the 
tube will be only a few volts negative relative to 
the filament, the tube will suddenly conduct 
again (always at the same critical potential), the 
relay will be energized, and the power circuit 
will be broken. 
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With the circuit constants shown in Fig. 3 the 
time-delay interval can be varied from 1/10 to 
80 sec, these intervals being properly marked by 
calibration on the dial of the 3-megohm resistor. 
This range may be changed by changing the 
capacitance of the condenser, or the value of the 
resistor, or both. The 1200-ohm resistor is auxili- 
ary to the 3-megohm one; it permits the smaller 
time intervals to be marked on the dial as well 
as the longer ones. These interval settings will 
be better spaced on the dial if a “tapered”’ re- 
sistor is used. The one used in the present circuit 
was a “Centralab” potentiometer, 3-megohms, 
No. 6 taper. 

There is something about the time-delay cir- 
cuit that stimulates the imagination and this is 
a good reason for having students in intermediate 
electricity set up such a circuit; such reasons are 
only too often left out of consideration. A student 
who sets up the circuit of Fig. 3 will encounter a 
great deal that is of fundamental importance, 
because of the diversity of the elements and 
their functions. 


Some Demonstrations in Mechanics 


K. H. Frrep, E. H. GREEN AND W. H. Mats 
Brooklyn College, Brooklyn 10, New York 


N Sutton’s book,! four rather well-known dem- 

onstrations are described: inclined plane (page 
39); falling target (page 43); range of projectile 
(page 45); relativity car (page 46). We decided 
to build the apparatus for the last of these ex- 
periments on a scale large enough to be easily 
seen by a group of 100 students and soon found 
that with a few slight modifications we also had 
the apparatus for the other demonstrations. 


These pieces of apparatus have now been used, 


for about five years by ten or more lecturers 
and have been demonstrated in excess of one 
hundred times. They have proven highly satis- 


factory and have elicited much favorable com- 
ment. 


1Sutton, et al., Demonstration experiments in physics 
(McGraw-Hill, 1938). 


1. Motion on an inclined plane 


The track consists of a commercial duralum- 
inum U beam 16 ft long and 6 in. wide, the edges 
of which were machined straight and then 
rounded on a 3-in. radius. The track was sup- 
plied and machined by the E. W. Bliss Company, 
Brooklyn, New York. It is mounted on four 
wooden leveling blocks evenly spaced along its 
length (Fig. 1). The angle of the incline is chosen 
so that the acceleration is 20 cm/sec?. The dis- 
tances 10, 40, 90,--- cm are indicated by white 
stripes painted on-the side of the track. The 
moving object for this demonstration is a 7-kg 
aluminum car with four ball-bearing flanged 
wheels (Fig. 2). The wheels on the one side are 
machined flat; those on the other side, slightly 
concave to provide for tracking, since there are 
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Fic. 1. Cross section of track. 


minor variations in the width of the track. Great 
care was taken in the machining and mounting 
of the wheels. 

The car is held at the top of the plane by means 
of a projection on the armature of a sounder. 
An automobile ignition system circuit breaker 
driven by a telechron motor feeds a brief current 
pulse to the sounder once each second. Closing 
the sounder switch releases the car and gives an 
audible click every second. The position of the 
car is easily viewed by means of a pointer on the 
side of the car which passes immediately in front 
of the white stripes on the plane. At the far end 
of the track is a rectangular metal housing 
equipped with springy phosphor bronze strips 
on the side and top surfaces and helical steel 
springs on the end face which stop the car 
effectively. 

The motion of the car is consistently repro- 
ducible and gives simple, accurate data for a 
verification of the kinematical relation, d= }a‘’. 


2. Vertical projection from a uniformly 
moving car 


The same dural track is now set up at such an 
inclination that the car moves down with a 
constant velocity. An angle of 0.2° is sufficient 
to overcome friction. A spring gun designed to 
fire a golf ball (Fig. 3) is mounted vertically in 
the center of the car. A funnel 10 in. long and 
8 in. in diameter at the wide end is attached at 
the muzzle. When in the cocked position the 
axial rod 6 with the cross piece a extends 
down to within 3 in. of the track. A projection 
in the track triggers the gun as the car passes. 


The afore-mentioned funnel is lined with felt to 
minimize rebounds of the golf ball. We originally 
thought that a retainer of some sort would be 
needed for this purpose; but the felt is quite 
satisfactory. We have found that with our de- 
sign of gun it is essential to use a golf ball for 
which the center of mass and center of figure 
coincide, as determined by repeated firing with 
different orientations of the ball. In operation 
the spring gun is adjusted so that the ball rises 
vertically about 8 ft, or as high as the ceiling 
of the room permits, and the system is given a 
large enough horizontal velocity so that the car 
travels practically the full length of the track 
by the time the ball returns to the gun. 


ee a nn nn 


Fic. 2. Details of car. 
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Fic. 3. Details of gun. 


3. Range of a projectile 


The afore-mentioned gun is mounted on a 
wooden board and clamped firmly to the lecture 
table. The angle of inclination @ may be changed 
(Fig. 4) without changing the position of the 
muzzle since the gun rotates about an axis 
through the center of the golf ball. We ordinarily 
show maximum range for 45° and equal ranges 
for the 30° and 60° positions. The measured 
range R may be used to calculate the velocity of 
projection v from the relation R=v* sin 26/g; 
the maximum height h is determined from 
h=v" sin? @/2g; and the time of flight, from 
t=2v sin 6/g. Typical values for our apparatus 
are: 0, 45°; R, 14 ft; v, 22 ft/sec; h, 3.5 ft; t, 
0.98 sec. 


4. Projectile and freely falling body 


The loaded gun is set up as in demonstration 
3 and aimed at a second golf ball which is 
suspended from an electromagnet located near 
the ceiling. An iron screw in the ball serves to 
hold it against the magnet. The switch for the 
electromagnet, which is mounted at the muzzle 
of the gun, is opened automatically by a pro- 
jection on the plunger at the instant when the 
ball leaves the gun. A string is stretched from the 
gun to the magnet to emphasize the fact that 
the gun is aimed at the suspended ball. The two 
balls invariably strike each other. The collision 
of these two small objects at a distance of 14 ft 
makes a spectacular demonstration. 


5. Conservation of momentum 


The gun is now mounted horizontally on the 
car and loaded with a cylindrical projectile of 
mass 460 g, and the car is placed on a 3-ft section 
of dural track which is itself mounted on four 
small wheels. To perform the demonstration the 
gun is fired twice. The first time the projectile 
is shot off the car, and the car recoils. The second 
time the projectile is caught in a brass tube 
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Fic. 4. Gun mount, adjustable in elevation. 


mounted on the car, and the car remains sta- 
tionary. Since the friction in the wheel bearings 
is very small, because of the careful machining, 
we have found it possible to show also that when 
the track is pushed back and forth horizontally 
on its wheels the car will remain stationary with 
respect to the lecture table, thus affording a strik- 
ing illustration of Newton’s first law. 





An Experiment on Steiner’s Theorem 


WALTER V. BurG 
University of Toledo, Toledo 6, Ohio 


N view of its importance for the computation 
of moments of inertia, Steiner’s theorem of 
parallel axes, also known as Lagrange’s theorem, 
has been given a place in a number of textbooks 
on general physics. However, despite the sim- 
plicity of a derivation of this theorem, many of 
the more elementary textbooks present only the 
final equation without attempting to indicate the 
way by which the result may be obtained. 

It is the writer’s opinion that a theorem of such 
wide and important applicability should be 
derived mathematically or—if time permits— 
should be deduced by means of an experiment. 
An apparatus developed for the latter purpose 
will be described. To use this apparatus intelli- 
gently, the student must have a clear under- 
standing of the concept of moment of inertia and 


a knowledge of the general equation for the 
period of oscillation of a physical pendulum. 

It is well known that the instructional value of 
any derivation will be greatly enhanced if the 
use of special conditions is avoided so far as 
possible. In contrast to the customary construc- 
tion of physical pendulums, the present appa- 
ratus is, therefore, designed to permit a con- 
siderable degree of asymmetry with regard to its 
mass distribution. 

A steel bar,! about 2 in. thick and 1} in. wide, 
is cut into three sections, of lengths 42, 14 and 
14 in. A series of holes, approximately 3 in. in 
diameter and 13 in. apart, are drilled through 
the three pieces along their lines of symmetry. 
About half an inch of solid material should be 
left at each end of each of the three sections. 
A bolt, fitting snugly into the holes and provided 
with a nut and two washers, serves to fasten the 
pieces of steel together. 

This design permits a wide variety of com- 
binations of the three sections. One of these 
combinations is illustrated in Fig. 1, which shows 
the apparatus suspended as a physical pendulum 
whose center of mass is located outside the body 
of the pendulum proper. The long steel bar is 
supported at.one of its holes by a knife-edge, 
which is attached to a wall support. 

The object of the experiment is to derive a 
relation between the moment of inertia J of an 
object and the distance d between its center of 
mass and the axis of rotation. 

After selecting a certain arrangement of the 
three steel bars, the student locates the center 
of mass of the combination by suspending the 
pendulum successively from different holes and 
dropping plumb lines from the points of support. 
If, as in Fig. 1, the center of mass is located 
outside the pendulum, its position may be 
marked on a piece of cardboard glued to the bars 
at the proper place. 

From the equation for the period of oscillation 


1The dimensions listed here are those used by the 
author and have been given merely as a guide for the 
purpose of construction. 
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EXPERIMENT ON STEINER'S THEOREM 


T of a physical pendulum we obtain 


I=T*Mgd/4r’, (1) 


where IJ denotes the moment of inertia of the 
pendulum for the axis of rotation used, while 
Megd indicates the torque acting on the pendulum 
when the latter is raised to a position where its 
center of mass and the point of support are on 
the same horizontal line. The period of oscillation 
can be measured with the aid of an ordinary 
stopwatch, provided a sufficient number of 
swings (from 50 to 100) are counted. The maxi- 
mum torque Mgd is calculated by multiplying 
the weight of the pendulum by the distance d 
between center of mass and axis of rotation. 

After a series of determinations for different 
parallel axes has been carried out, the moments 
of inertia J, thus computed, are plotted as a 
function of the distances d. The result is a curve 
of parabolic character, whose vertex, however, 
is not included in the graph since it would 
represent the condition T=. The nature of 
this curve suggests a linear relation between the 
moments of inertia J and the squares of the 
distances d, a relation which would be in agree- 
ment with the fact that the moment of inertia 
itself involves, by definition, the squares of 
distances. 

The next step is to prepare a graph of I versus d?. 
A straight line results, as is shown in Fig. 2. 
The J-intercept, obtained by extending this line 
beyond the range of experimental determination, 
represents the moment of inertia J, of the 
pendulum for an axis of rotation passing through 
the center of mass. Thus the equation of the 
straight line becomes 


I=I,.+Bd’. (2) 


sMoment of Inertia (igen 
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Fic. 2. Graph of I versus d*. 


Obviously 8, the slope of the straight line, has 
the dimension of a mass. Its value can be deter- 
mined algebraically, or may be read directly 
from the graph. If the experiment is performed 
with appropriate care, the value of 8 thus ob- 
tained will be found to agree closely with that 
of the mass M of the pendulum. This suggests 
that Eq. (2) may be modified to read 


I=I,+ Md. (2a) 


A number of determinations, using different 
distributions of the pendulum mass, and, there- 
fore, different locations of the center of mass, 
are now carried out. The results will confirm the 
validity of Eq. (2a), whose theoretical derivation 
may now be undertaken. The experiment will be 
still more convincing if it includes a variation of 
the pendulum mass M. This can be accomplished 
easily with the help of additional sections of 
steel bar. ‘ 


VERY honest researcher I know admits he’s just a professional amateur. He’s doing whatever 
he’s doing for the first time. That makes him an amateur. He has sense enough to know that 
he’s going to have a lot of trouble, so that makes him a professional—CuHARLES F. KETTERING, 








N the preceding issue '* we gave a brief outline 

of some of the simpler concepts and laws of 
statistics. We started with the observation that, 
in any group of things, the magnitude x of any 
physical property will vary from member to 
member of the group. If we include all the po- 
tential members of the group, the resulting dis- 
tribution of the physical property under con- 
sideration is called a population, or universe, 
whose average is denoted by (x), and whose 
mean square variation, or variance, is denoted 
by oe’. The rms variation, or standard deviation, 
is denoted by oe. 

The average of a finite sample of » specimens 
is denoted by £,; the variance of the sample, by 
o,”; the standard deviation, by o,; the range, or 
extreme variation of the sample by R,. The 
values of €,, o,”, ¢, and R, will vary from sample 
to sample; in other words, they will form sec- 
ondary universes, related to the parent universe 
in definite ways. For the discussions of the next 
few pages, we need the following relations. 

The grand average (Xn)w of all #, obtainable 
from a given universe is the average of the given 
universe itself; or 


(Xn) tw = (X) ave (11) 


The variance oz,” of all Z, obtainable from the 
given universe is 


0z,? =0"/n, (12) 
or the standard deviation of the mean is 
oz, =a/n'}. (12’) 


The average (o,2)4 of all o,? obtainable from 
the given universe is 


(on?)w =[(n—1)/n Jo’. (16) 


Therefore, the best estimate of oe? obtainable from 
k samples of n specimens each is 


o°=[n/(m—1) Kon") 
=[E Data Y (&)*Vk(m-1). (16) 


16R, H. Bacon, Am. J. Physics 14, 84 (1946). The 
notation and the numbering of the equations and of the 
sections in this article follow those in the first article. 
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Equations (11), (12), (12’), (16) and (16’) are 
independent of the distribution function de- 
scribing the parent universe. If the parent uni- 
verse be “normal,” the following relations hold 
rigorously ; in addition, they are satisfactory ap- 
proximations for many other parent universes. 

The variance o¢o(n):? of all o,? obtainable from 
the given universe is 


Gon 2 =[2(n—1)/n? Jo". (17) 


The average, (on), of all ¢, obtainable from 
the given universe is 


(on)w =L(2/n)'P(gn)/TL3(n—1)]]Je. (22) 


If n be five or greater, the standard deviation 
ac, Of all o, obtainable from the given universe 
is given by the approximation 


oo,—0/(2n)}. (23’) 


The average (Ri) of all R, obtainable from 
the given universe is denoted by 


(Ri) av =dy, (29) 


where the numerical values of dz for a few values 
of m are given in Table II of the previous paper.'® 

Consider the case in which the distribution 
within the universe is discontinuous, so that x 
can assume only a finite number of discrete 
values. Let the fraction of the universe having 
the value under consideration be denoted by p 
and the rest of the universe by q, so that 
p+q=1. For samples of m specimens drawn from 
this universe, let r be the number of specimens 
of the kind under consideration ; ¢(r), the prob- 
ability of obtaining r specimens of this kind in a 
sample of m specimens ; m[ =p ], the ‘‘expected”’ 
magnitude of 7; #7, the average of (r—m)? for 
all possible samples of ” specimens drawn from 
this universe. Then, in the problems to be dis- 
cussed herein, the relative magnitudes of p, q, 
m, n and r are such that 


o(r) =C,"qr"p’=C,"(1—p)""p’, (48) 
or 


o(r)>m'e™/r!; (48’) 
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o2=m(n—m)/n, 





(50) 


or 
om. (50’) 


Il. SOME STATISTICAL TECHNIQUES 
1. The Control Chart 


Whenever the results obtained at any estab- 
lishment, whether a factory or a laboratory, are 
such that, time after time, they may be thought 
of as samples drawn from a single universe— 
that is, if the variations from sample to sample 
are consistent with the variations within sam- 
ples—the results are said to exhibit statistical 
control, and the establishment itself is said to 
be in a state of control. Statistical control is a 
state; it is not something that is obtained by 
rejecting undesired data. 

Unless the state of control actually exists, the 
establishment cannot perform reliable tests of 
its own product; it cannot determine which of 
the lots of raw materials offered by various 
vendors is best suited for its purposes; it wastes 
precious time and money because it cannot dis- 
tinguish between mere sampling fluctuations and 
genuine operating difficulties. 

The simplest method for determining whether 
the state of control actually exists at a given 
plant or laboratory is the use of the control 
chart. This technique was developed at the Bell 
Telephone Laboratories by Shewhart and his 
colleagues for controlling the quality of tele- 
phone and switchboard parts during manufac- 
ture. Similar charts may well be kept by any 
laboratory that has to run “control” experiments 
on reference or “standard’’ samples in parallel 
with other tests. Unless the control experiments 
or tests exhibit statistical control, the other tests 
are not worth much. 

On the control chart are plotted the averages 
and dispersions (c, or R,, as may be convenient) 
of the successive samples in a series. A horizontal 
line to represent (x) is drawn .on the chart for 
averages, and parallel to this are drawn lines 
soz, above and below it. The number s may 
have a value between 2 and 3; most frequently, 
it is 3, although 3.09 is current in British prac- 
tice. The value of (x)y is estimated from the 
data themselves, as a rule, or it may be the value 
demanded by some contract or specification. 








Strictly, oz, should be estimated from the data 
by combining Eq. (12’) with Eq. (16’), but, in 
most cases, Eq. (22) or (29) may, if more con- 
venient, be used instead of Eq. (16’). 

In some cases, the expected values of Z, for 
successive tests are unavoidably affected by some 
progressive, systematic cause, such as the wear 
of the testing apparatus. For example, in testing 
ammunition to determine whether the projectiles 
have the desired velocity, the velocity to be ex- 
pected from the reference or standard ammuni- 
tion varies with the age of the test gun, the age 
being measured in terms of the number of rounds 
previously fired in the gun. In such cases, the 
line representing (x), instead of being horizontal, 
is determined from the data as the tests proceed 
(that is, (x), is a function of the previous history 
of the testing apparatus, instead of a constant) ; 
and, if a state of control is shown to exist, the 
difference between the position of this line at 
any point in the life of the apparatus and the 
assumed value of (x) for the reference samples 
under some assumed ideal conditions is applied 
as a correction to the results obtained in the 
testing apparatus at that time. The control chart 
thus enables the investigator to distinguish be- 
tween expected, systematic variation from test 
to test and chaotic variation among tests. 

Similarly, a horizontal line to represent the 
average expected dispersion of the samples is 
determined from the data, and control lines 
above and below this are also determined. For 
laboratory use, these lines may be drawn in, just 
as are the lines for averages; however, for pur- 
poses of process control in manufacturing, it is 
better to draw in only the upper control limit, 
simply because shop personnel experience diffi- 
culty in understanding the meaning of the other 
two lines on the control chart for dispersions. 

The results of each test are plotted on the 
control chart as soon as they are obtained. The 
control limits are recomputed at convenient in- 
tervals—say, at the conclusion of every ten tests. 
Then if statistical control exists, all but a few of 
the plotted points will fall within the control 
limits ; the number of points that will be expected 
to fall outside the control limits depends upon 
the value of s; it is one out of 20 if s is 2, one out 
of 100 if s is 2.5, one out of 370 if s is 3, and one 
out of 500 if s is 3.09. The choice of s is deter- 
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mined by engineering and economic considera- 
tions, not by statistics. 

As long as the points remain between the con- 
trol lines, it is assumed that statistical control 
exists, and nothing is done to disturb the state 
of control; whenever a point falls outside the 
control limits, suitable investigation is made to 
determine whether the state of control still exists 
(and the errant spot represents an extreme of 
sampling), or some real change has overtaken the 
process (and the previous state of control has 
been lost). 

For many types of testing, use of the control 
chart has the following advantages: 


(i) Prompt detection and investigation of changes, 
abrupt or gradual, in technique or process; 

(ii) Protection against unnecessary or excessiye search 
after nonexistent troubles; 

(iii) Complete, up-to-date records, in a form easily 
grasped and understood, both by laboratory or inspection 
personnel and by top management; 

(iv) Increased efficiency of laboratory technicians, pro- 
cess inspectors, machine adjusters, and similar personnel; 
reduction of scrap losses, of ‘‘down’’ time of machines, and 
of other wastes caused by ‘‘over-inspection.”’ 


Further descriptions of control chart tech- 
nique are given in the literature on statistical 
methods of quality control.!7 The control chart 
is satisfactory in indisputable cases of control or 
lack of it in long series of tests or experiments. 
For borderline cases, or for very short series, a 
more powerful method of analysis is preferable. 


2. The Analysis of Variance 


Suppose that we have k samples of members 
each, all » being alike, for simplicity, and that 
we desire to know whether all k samples could 
have come from one universe. As before, we di- 
vide the question into two parts. Could the 
samples have come from universes all of which 
had the same average, (x)? Could the samples 
have come from universes all of which had the 
same variance o”? 

To answer these questions, we must compute: 


17 W. A. Shewhart, Economic control of quality of manufac- 
tured product (Van Nostrand, 1931); E. g Pearson, A ppli- 
cation of statistical methods to industrial standardization and 
quality control (British Standards Institution, 1935); 


Manual on presentation of data (American Society for 
Zak Materials, 1943); ASA Pamphlets, Z1.1, Z1.2 and 


merican Standards Association, 1942). 
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(i) The grand average of all the k averages. This will be 
denoted by Zin. However, this grand average is not the 
estimated average, (x)ay, of any parent universe unless the 
analysis shows that it is reasonable to assume that all the 
samples could have come from one universe. 

(ii) The variance of the k averages about Zin; this will 
be denoted by ox,n?. 

(iii) The variance of all kn specimens about Zin; this 
will be denoted by gi,?. 


(iv) The average, (@n?)~y, of the variances o,? of the k 
samples. 


(v) The geometric mean, (¢,?)gay, of the variances of 
the k samples. 


If all the samples had been drawn from a 
single universe, of variance o’, then, according 
to Eq. (16’), the following approximation should 
be obtained: 


[n/(n—1) ](on)w—Lkn/ (kn —1) Join? 0, 
or 


(on?) w/Cin?—>(kn —k)/(kn—1). (57) 


Because of sampling fluctuations, the observed 
value of (on?)a/oxn? will not be exactly equal to 
(kn —k)/(kn—1) every time we take k samples of 
n specimens from a single universe; however, if 
the observed value of (¢1?)i/o7kn is much smaller 
than this, then we are forced to conclude that 
the samples must have been drawn from different 
universes. 

A more convenient test consists in finding the 
ratio 


Lo -™ (on?)an/ Cin; (58) 


where the values of Ly) form a new secondary 
universe, whose distribution, for samples drawn 


TABLE V. Values of the ratio Lo. For the values of Lo 
printed in ordinary type, the probability of occurrence is 
0.05; for those asad boldface type, the probability 
of occurrence is 0.01. In this table, and in Table VI, the 
probability of occurrence is the probability of obtaining, 
through sampling fluctuations alone, the given value or 
one smaller. 


Number of Number of specimens in a sample 
Samples 10 20 

5 0.451 0.706 0.849 0.938 
-356 -637 -809 -921 

10 486 .726 .860 .943 
-417 -680 .834 -932 

20 519 755 .877 951 
474 -729 -863 944 

50 wie .787 .889 955 
-547 ate -883 -953 
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from a “‘normal’’ parent universe, was found by 
Neyman and Pearson.'* A brief extract is given 
in Table V. 

If Lo be close enough to unity, the samples 
can be assumed to come from a single parent 
universe, and, as a rule, no further tests of the 
data are required. If the observed value of Ly be 
too small, then one must assume that the sam- 
ples came from different universes; that is, the 
parent universes must have had different aver- 
ages, or different variances, or both. The next 
step is to determine whether these universes 
could have had the same variance. This question 
can be answered without involving the averages 
of the different universes. 

If the parent universes did have the same 
variance o’, then, according to Eqs. (16’) and 


(17), the following approximation should be 
obtained: 


[kn?/2(n = 1) (Rk = 1) ]oe(n) "> 
[n/(n—1) P((on?)w)?—04, 
or 


Go(ny?/((on*)w)?—2(R—1)/k(m—1), (59) 


where goin)? is the variance of the k variances 
oy? about their own average, (on”). However, 
here again it is more convenient to use the test 
devised by Neyman and Pearson.!* We therefore 
find the ratio 


ly = (on?)anv/ (On?) av (60) 


Table VI gives the probability of occurrence of 
a few typical values of Zi. 

If Li be close enough to unity, the samples 
may be assumed to have come from universes 
having the same variance. Even if Zi be so far 
from unity that it must be concluded that the 
samples were drawn from universes of different 
variances, one can still use o?[ =(on?)an/(n—1) ] 
as a measure of the resolving power of the ex- 
perimental procedure under which the samples 
were obtained. In such a case, o” is no longer the 
best estimate of the variance of any parent uni- 
verse, but one may, if he wish, consider it as the 
variance of the ensemble that would be produced 
if all of the universes concerned could be super- 


Neyman and E. S. Pearson, “The problem of k 
cumin Bull. intern. acad. polon. sci., Classe sci. math. 
nat. A, 460 (1931). The article is in English, but the 
' Bulletin is not generally available. See H. A. — 
Industrial statistics (Wiley, 1942), p. 86. 
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TABLE VI. Values of the ratio L:. The arrangement is the 
same as that for Table V. 


Number of 
Samples 


5 R 0.803 
‘ -735 


823 
10 "779 


842 
20 ‘813 


869 
50 858 


Number of specimens in a sample 
10 20 


0.903 
-865 


914 
-891 


923 
-908 


937 
-931 


0.962 
-947 


-966 
-957 


.969 
-963 


973 
-970 





posed with their averages coinciding. In the fol- 
lowing discussion, ¢” is called simply the “error,” 
although actual errors of measurement, for in- 
stance, may contribute but very little to its 
magnitude. We will now use it to help determine 
whether the parent universes had the same 
average. 

First, we compute the variance oi,,? of the k 
averages, €,, about their own grand average, 
zm Then if the k samples had come from a 
single universe, the best estimate of the variance 


oz,” of the universe of averages is, according to 
Eq. (16’), 


o2,°=[k/(k—1) Jor, n? 
=i (Zn — Zen)? /(k—1) 
=[h (Zn)? — 


R(fin)?J/(R-1). (61) 


Transposing Eq. (12), we have noz,?/e?=1 for 
the actual universes; but for a finite number of 
samples, we have, independently of the inter- 
pretation of o?, 


NO= 


_ mk(n—1) 2 En — Fen)? 
o (“DEE 4) 


~ (k= NLLo—wLe,)*) 


In this equation, noz,” is called the variance 
“among tests.’ Thus, if F differs too much from 
unity, one is forced to the conclusion that the 
samples must have come from universes of dif- 
ferent averages. On the other hand, if the sam- 
ples came from supposedly different universes, 


(62) 
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TABLE VII. Snedecor’s F. The arrangement is the same 
as that for Table V, but here, the probability of occurrence 
is the probability of obtaining, through sampling fluctua- 
tions alone, the given value of F, or a greater value. 


Degrees of 
freedom of 
the “‘error”’ 5 10 


3.69 
8 6.63 


Degrees of freedom ‘‘among tests,"” and 
of the “interactions” 
20 


0 
0 


3.34 3. 
5.82 5. 
16 2.85 2.54 2.1 
4.44 3.78 2.9 
8 

3 

2 


3 
6 
3 
6 
1.86 
2.44 


2.62 : 


3.90 


7 
24 


2 
1 
2.45 0 
40 351 238 
2.30 129 
3.20 2.5 


6 
5 


1. 
1. 


6 
7 
7 
0 
2 
1 


2a 1 


1.6 
2.0 
8 
3.02 2.3 ° 


3 
2 


48 
73 
1.35 
1.52 


An infinite number of degrees of freedom corresponds, in this dis- 
cussion, to possession of exact knowledge of @?, a knowledge based on 
an infinite amount of data, so that G? is known, not estimated. 

In Appendix C, the number of degrees of freedom of the estimate of 
@?, or of the “‘error,"” must always be more than that of the variances 
“‘among tests’’ and of the interactions. However, there are other appli- 
cations, in which the number of degrees of freedom of the variance in 
the = column of the table may be less than that of those along the 
top line. 

A complete table of F comprises several pages. 


and yet Lo, Z; or F are still close to unity, then 
one is led to the conclusion that the parent uni- 
verses are indistinguishable as to averages, or 
variances, or both, so far as these samples are 
concerned ; in other words, the differences among 
the samples are not ‘‘significant.”’ 

The values of F form a new secondary uni- 
verse, whose average is unity, and whose dis- 
tribution function is, if the parent universe is 
“normal,” 


k—-1 &-vI2 
r@(en—1))(———) ran 
kn—k 


o(F)= 
P'(3(k—1)) PG (kn—R)) 


(k—1)F —(kn—1)/2 
x(14- ) . (63) 
kn—k 


The probability of occurence of a few typical 
values of F is given in Table VII. When k=2, F 
is the same as the square of ‘“‘Student’s” ¢, Eq. 
(33). When » approaches infinity, (k—1)F is the 
same as x? described in SEc. 3. 

The calculation and interpretation of equa- 
tions similar to Eq. (62) is called the analysis of 
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variance.” If the separate and joint effects of 
several variables in a process are being studied, 
the samples are regrouped in various ways, and 
a new F is computed for each grouping; see 
Appendix C. The analysis of variance is a simple, 
but powerful, tool. Every experimenter should 
be familiar with its use. 


3. Curve Fitting 


(a) Functional relations.—Experimenters often 
desire to express the results of their investiga- 
tions by a smooth curve among the observed 
points on a graph. Also, in the calibration of an 
instrument, one seeks a smooth curve. Pre- 
sumably, the methods of obtaining such curves 
are well known to physicists, but the methods of 
determining the goodness or adequacy of fit do 
not appear to be so well known.” 

The process of determining the goodness of 
fit is an application of the analysis of variance. 
Let (x) be a function of some argument t¢. If 
each of k plotted points is the average of m ob- 
servations of x for which the value of ¢ is as- 
sumed to be known exactly, and if f(t) be de- 
termined by the methods of least squares, the 
variance o;,,” of these points above and below 
the computed curve (x),4,=f(t) is compared with 
the variance, oz,”, to be expected from the aver- 
age, (on”)y, of the variances of the k samples, 
and Eqs. (61) and (62) become, respectively, 

oz,? =(k/(k—a) Jox, x’, (64) 
and 


noe,” /o? =(k(n—1)/(k—a) Jor, n®/(on?)w 


__nk(n—ELE.—OP 
~ (k-a) [Xx — nd (Fn)*] F, (65) 


where a is the number of adjustable parameters 
determined from the data themselves, and re- 
quired to specify f(t). Thus, Eqs. (61) and (62) 
apply to the special case in which a=1 and the 


19G, W. Snedecor, Calculation and interpretation of the 
analysis of variance and covariance (Collegiate Press; Ames, 
Iowa, 1934); Statistical methods applied to experiments in 
agriculture and biology (Collegiate Press, 1938). ; 

20 For example, I. S. and E. S. Sokolnikoff, Higher 
mathematics for engineers and ig een (McGraw-Hill, 
1941), chap. XII, contains much interesting material on 
curve fitting, but nothing on the adequacy of the fit 
obtained. 
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computed curve is (x) =const. If F is too large, 
the fit is not adequate; that is, the computed 
curve is not a reasonable representation of the 
experimental data, regardless of any theoretical 
reasons to justify the given function f(t). 

If each of the k plotted points be a single ob- 
servation, the required procedure is somewhat 
similar to that just described. But if both x and 
t are subject to either sampling fluctuation or 
experimental error, the required procedure is 
more complicated. A complete treatment of such 
problems has recently been given by Deming.”! 

(b) Fitting a distribution function to a histo- 
gram ; the chi-square test.—Let the histogram con- 
tain k divisions, or cells, as they are called in 
statistics. Let the number “expected” to be 
found in each cell (that is, the number predicted 
by the distribution function) be denoted by m, 
and let the number actually found in each cell 
be denoted by r. Then, according to Eq. (50’), 


the average value of (r—m)?/m should be close 
to unity. If we let 


x? =o (r—m)?/m, (66) 
we see that x? should be close to k. From Pear- 
son’s more rigorous treatment,” we obtain 


=k—a—1, (67) 


0,2=2(k—a—1), (68) 


x*-*4 exp (— 3x") 


$0) Fo Tee 


(69) 


where a is the number of adjustable parameters 
determined by the data themselves. If we are 
fitting a given (a priori) ‘“‘normal’’ distribution 
to the histogram, then a=0; if either (x), or ¢ 
be given, and the other be determined from the 
data themselves, then a=1; if both (x), and ¢ be 
determined from the data, then a=2. In any 
event, if x? is large compared to k—a—1, the 
curve or distribution function is not a good fit; 
see Table VIII. 


If we let a=0, kR=n, x?=n0,7/o", then Eqs. 


(67) —(69) become the same as Eqs.’ (16), (17) 


and (20); or, in the language of statistics, the 


san . E. Deming, Statistical adjustment of data (Wiley, 
43). 


2K. Pearson, Phil. Mag. 50, 157 (1900). 
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TABLE VIII. Values of x? having certain probabilities 
of occurrence. If the values of x? in the last two lines of 
this table be divided by the corresponding number of 
degrees of freedom, the values of F in the last two lines of 
Table VII are obtained. 


Probability 
of 


Degrees of freedom 
occurrence 10 


2.558 
3.940 
4.865 , 
9.342 
15.987 
18.307 
23.209 


quantity no,?/o* is distributed as x? with (n—1) 
“degrees of freedom.” 


4. The Design of Experiments 


The design of experiments may be described. 
as the art or science of arranging and conducting 
an experiment in such a way as to obtain the 
maximum information from a given amount of 
data. In many cases, proper attention to design 
of experiments is a matter of economic and other 
necessity. In any case, it should be a matter of 
principle and of good practice. 

The more important designs are: randomized 
blocks; Latin squares; factorial designs. The 
experimenter should know which design to use 
in his work. An interesting and readable dis- 
cussion is given by Fisher.” 

Frequently, one has to adopt one of two or 
more mutually exclusive conclusions (or, in in- 
dustrial applications, take one of two or more 
mutually exclusive courses of action) where the 
choice is actuated by the results of a limited 
test; often, the test is the observation of the 
relative frequency of one kind of ‘event in a 
counting experiment. An important application, 
and one suitable for illustrating the principles 
involved, is the final inspection and acceptance 
test of a lot of manufactured articles. 

The usual contract or specification under which 
such articles are manufactured provides that a 
sample of  specimens—say, 500—shall be se- 
lected at random from the finished lot, and care- 
fully inspected for certain defects. If the number 


%R. A. Fisher, The design of experiments (Oliver & 
Boyd, 1935). . 
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TABLE IX, 





Maximum number c of defectives 
permitted if lot is to be accepted 
upon inspection of mth piece. 


Number 2 of pieces 
inspected 


150 
225 
300 
350 
425 
500 


of defective specimens thus found be c or less— 
c being, say, 5—the lot shall be accepted; if the 
number be (c+1) or more, the lot shall be 
rejected. . 

In considering such clauses in contracts or 
specifications, it should be remembered that no 
sampling scheme can ever insure that all inferior 
lots will be rejected, or—what is sometimes over- 
looked—that all satisfactory lots will be ac- 
cepted. Thus, the buyer takes a chance, called 
the ‘“‘buyer’s risk,’’ which we will denote by B, 
of being deceived by sampling fluctuations into 
accepting an unsatisfactory lot; the manufac- 
turer takes a chance, called the ‘“‘producer’s 
risk,” which we will denote by A, of having 
sampling fluctuations cause the rejection of a 
satisfactory lot. (Of course, in times of stress or 
scarcity, the loss of a good lot will work a hard- 
ship on the buyer, also.) In other applications, 
these two risks will have different names, but 
they always exist. 

Explicit equations for the two risks, A and B, 
in specifications as ordinarily written, can be 
stated as follows. Let (p) be the average frac- 
tion defective of all the producer’s lots; let Pmax 
be the worst fraction defective that the buyer 
cares to take. Then, 


rn 


A = Xu C,7(1 me (P)av) —"(D)a' > me." /r I, 


r=c+l 
r=<c 


B = 7 Cri —PDmax)* "Pmax” (70) 
r=0 


> mmax’ exp (-— Mmax) /? \, 


On the other hand, suppose that the sample con- 
tains r defectives. Then, under the assumption 
that all values of p are equally likely (this as- 
sumption is made to protect the buyer, even 
though it is generally far from true), the prob- 


ability P that the fraction defective of the lot 
from which it was drawn is p or less, is 


Pp 
P= n+1)C f (1—p)""*p’dp. (71) 


For the sample of 500 specimens having five de- 
fectives, this gives: 


Thus, on the assumption that all values of p are 
equally likely, the chances are 9 out of 10 that 
this sample came from a lot whose p is 0.02 or 
less; in other words, the buyer apparently de- 
sires material that is, on the average, no worse 
than 0.01 defective, but he is taking a chance— 
one chance out of ten—of accepting material as 
bad as 0.02 defective or worse. Suppose, for con- 
creteness, we take this risk as the buyer’s risk B. 
This risk will be practically the same if he ac- 
cepts according to the schedule shown in Table 
IX. Similarly, if the sample of 500 specimens 
contains six defects, the producer is taking one 
chance in ten of having the buyer reject material 
as good as 0.008 defective or better. Let this be 
the producer’s risk A. This risk will remain 
practically unaltered if the buyer rejects accord- 
ing to the schedule of Table X. In short, if two 
of the five defectives allowed show up in the 
first 90 specimens inspected, it is futile to inspect 
the remaining 410—the buyer is justified in re- 
jecting the lot then and there; if none of the al- 
lowed defectives is found in the first 150 speci- 
mens inspected, it is also pointless to continue 
the inspection—the buyer is justified in accept- 
ing the lot without completing the specified test. 
Much of the time, money, effort and manpower 


TABLE X. 
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spent on acceptance tests could be saved if con- 
tracts or specifications were to state the buyer’s 
requirements properly. The same is true of the 
precise formulation of the objectives of other 
experiments. 

The discussion just given merely scratches the 
surface. A complete treatment of the most effi- 


cient way of designing such tests has been worked 
out by Wald.” 


Ill. STATISTICS AND PHYSICISTS 


Every experimenter should have a sufficient 
command of statistics to be able to analyze his 
results adequately. Only in rare cases should he 
have to call in a consultant. Statistical analysis 
should be regarded as part of the procedure. 
Laboratories should be equipped with calculating 
machines suitable for analyzing the problems at 
hand. 

Every experimental physicist should have some 
formal work in statistics as part of his graduate 
training. This training should be thorough enough 
to protect him against some of the fallacies and 
errors of those whose training in statistics is in- 
adequate. In this connection, the following points 
may be mentioned. 

(i) In some industries where the use of sta- 
tistical methods has expanded too rapidly among 
personnel without suitable backgrounds, errors 
have arisen and grown; 

(ii) Industries look to their physicists (unless 
they have statisticians or other mathematicians 
on their staffs) rather than to their engineers 
for protection against such errors, as well as for 
the development of methods suitable for their 
problems. 

The relation of statistics to physicists was 
aptly stated by A. R. Olpin® in an address, 
“Where is the physicist needed in industry?” at 
the conference sponsored by the National Re- 
search Council, Philadelphia, May 1944: 


Applied statistics, especially as it relates to quality 
control, is rapidly becoming a ‘“‘must’’ in mass pro- 
duction. Interpretation of the results of statistical 
analyses is best undertaken by persons possessed of a 
thorough knowledge of the physics of things. 


* A. Wald, Annals Math. Statistics 16, 117 (1945); 


a briefer treatment appears in J. = Statistical Assoc. 40, 
277 (1945). 


28 A. R. Olpin, Rev. Sci. Inst. 1s. 295 (1944). 


SLATISTICS 


Appendix C: Some Analyses of Variances 
In the equations 


o? = [ZZx?— nz (Fn)? ]/k(n—1) (16’) 


and 
NOE p? = NZ (En)? — k(Lien)* ]/(k—-1), 
the denominators, k(n—1) and k—1, are called the ‘‘de- 


grees of freedom” of the variance being estimated; the 
numerators are called “‘sums of squares.” In the equation 


Cin? = [DLx?— kn (Fin)* kn, 
the numerator is called the “total sum of squares’’; the 


sum of all the other numerators, or “sums of squares,” 


TABLE I C. 





Average Variance 


log On? 


-2430 
-3802 
3010 
-1761 
0969 
-2788 


log (On®)cav =0.2450 
(On)cav= 176 


Sample 
1 


Av. Xkn =2510 
Cinrt= 33 
Cxn? = 40 
Cin? = 213 


(On?) ay = 180 


@? =225 





must be equal to this total sum of squares; the sum of the 
other denominators must be equal to kn—1. The quantity 


[kn/(kn—1)] On? = [LUx?— kn (Fin)? ]/(kn—1) 


is called the “total” variance. 

Thus, for the three variances o%, noz,? and 
[kn/(kn—1)]oin?, the sumof the numerators of the first two 
is equal to the numerator of the third; the same is true for 
the denominators. The three variances ot, n?, (On®)ay and 
Okn? are connected by the relation 


Ok, n?+- (on?) ay =Cin’. 


This identity is obeyed by any group of kn numbers what- 
ever. In this connection, it may be of interest to note, from 
Eqs. (12) and (16), that, for an actual universe, 


Oz, + CD) Ay = 


These relations afford convenient checks on the arith- 
metic accuracy of the work; or, sometimes, they can be 
used to obtain one of the variances should it not have been 
computed directly from the data in the first place. This 
frequently happens when one is examining the mutual 
consistency of independent pe performed on 
separate occasions. 

Convenient short cuts for rapidly computing sums of 
squares are given below; however, we will illustrate the 
simplest cases by examples for which computational short 
cuts are not required. 

(a) Analysis of variance of a single factor.—To test the 
reproducibility of a certain process, samples of five speci- 
mens each from each of six different batches were selected 
and measured (Table I C). In a computation such as this, 











TABLE II C. 
Av. Variance 
Specimens Xn On? log On? 
1- 5 2516 140 0.1461 
6-10 09 104 .0170 
11-15 08 392 5933 
16-20 2479 300 4771 
Av. Xen =%9=2503 — (On®)gy=234 log (On?) Gay =0.3085 
Cen? = 201 Orn? =435 (On)gay = 203 
OXn?= 269 @? =292 





only the variable portion of each x (only the last two digits, 
in the example given) need be considered. Also, the posi- 
tion of the decimal point may be ignored, and the charac- 
teristics of the logarithms omitted, as they do not affect 
the relative magnitudes of the variances. Of course, if the 
absolute magnitudes of the variances be desired, one has 
merely to use the unit in terms of which each x is expressed 
for the average, Zin, and the square of this unit for the 
variances. 

The first step in estimating the reproducibility of the 
process is to apply Eq. (58); we have 


Lo=(6n*)Gav/Okn? = 176/213 =0.825. 


From Table V we see that this value of Lo is such that the 
samples may reasonably be considered to have come from 
a single universe; in other words, the process under test 
and the test procedure itself are apparently reproducible. 
No further test of the data need be made—that is, o7,? 
and o? need not have been computed. However, to illustrate 
the method, we will determine Z; and F: 


Ly = (On?)Gav/(On?) ay = 176/180=0.975; 
F=n072,?/0?=5X40/225 =0.888. 


From Tables VI and VII, we see that these results lead to 
the same conclusion as was inferred from the value of Lo. 
(b) The internal consistency of a test—Twenty specimens, 
selected at random from a given lot, were measured in 
succession in a destructive test (that is, in a test that 
destroyed the specimens, such as, for example, a test of the 
ultimate strength of a wire, or of the current needed to 
blow.a fuse). The average and the variance of the sample of 
20 were: average, Z20= 2503; variance, ¢20?=435. Both of 
these figures are entirely reasonable for the article in ques- 
tion, although the variance is greater (but only by a reason- 
able amount) than the average variance expected. How- 
ever, it was noticed that the measurements of the last five 
specimens measured appeared to be too far removed from 
those of the first 15. When the results were resolved into 
four successive groups of five specimens each, the data in 
Table II C were obtained. Then, Lo=(0n2)qay/Ckn® 
= 203/435 =0.468; of all possible sets of four samples of 
five specimens each, obtainable from a single universe, 
about one set in 15 should have Lp as small as 0.47. 


L1=(On*)Gav/{On®) ay = 203/234 =0.87; 


this value of Z: would indicate very strongly that the 
samples must have come from universes of the same 
variance. 


F=n02,7/0?=5X 269/292 =4.6; 
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of all possible sets of four samples of five specimens each, 
obtainable from a single universe, about one set in 50 should 
have F as large as 4.6. 

Now, of course, if the establishment making this test 
were to repeat it often enough, a result such as this is 
bound to occur sooner or later. Nevertheless, the quality 
control unit at the plant thought it better to investigate 
and see whether the results were merely an extreme of 
sampling or an exhibition of lack of control. Investigation 
showed that something had happened to the testing ap- 
paratus, probably while the last five specimens were being 
tested. 

This example is cited to show that one must examine, 
when possible, the internal consistency of each test, as 
well as the mutual consistency among tests. Unless the 
internal consistency of each test is satisfactory, compari- 
sons among tests are worthless. 

(c) Effect of small changes.—In the two examples just 
given, the object of the analysis was to investigate the 
reproducibility of a process, or the stability of a set of test 
conditions. Suppose, however, the object was to determine 
whether a small change (intentional or not) produced a 
measurable change in the results. 

If the six samples in the first example represented various 
ways of doing something, one would infer that the change 
from one method to the other did not produce a meas- 
urable change in the product; if the four groups in the sec- 
ond example represented four different methods of doing 
something (instead of being merely four fractions of a 
single sample), one would infer that the change to the 
fourth method probably did produce a measurable change 
in the product. 

(d) Analysis of variance of two factors—Suppose we wish 
to find the effect of two simultaneous changes of some kind. 
There are thousands of instances in which one must vary, 
not one factor at a time, but two or more factors simul- 
taneously. We will start by considering the simultaneous 
variation of only two factors of the many that might affect 
the results of a given process. Denote the two factors by 
A and B. Let the number of variations of the factor A be 
a; let that of the factor B be 6b. Then k, the total number 
of samples, is equal to ab. Merely to facilitate the defini- 
tions of a few new variances, let the data (average and 
variance of each sample) be arranged as shown in Table 
III C. As we will explain later, computation of these vari- 


ances is facilitated by arranging the data as shown in 
Table IV C. 


TABLE III C. Analysis of variance, when the variations among the 


samples are attributable to two causes of variation, A and B, acting 
simultaneously. 





Values Values of A 
of B Ai Az As ous Aa Av. 
Bi Xn on? Xn on? Xn on? on Xn on? Xan 
Br Xn on? Xn on? Xn on? = Xn on? Xan 
Bs xn On? Xn on? Xn on? = Xn on? Xan 
Bo Xn on? Xn on? Xn on? Xn On? Xan 
Avg. <Xtn Xbn Xbn tee Xbn Xkn 
(on?)ay 
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TABLE IV C. The data of Table III C arranged in a, form more 


convenient for computation, especially when it is not necessary to 
compute Lo or Li. 





Values Values of A 
of B Al Az As eee Aa 


Bi Tn U(x) Ta 2x2) Tra 2(x*) 
Be Tn U(x) Tn 2x2) Tra 2x?) 
Bs Tn U(x) Tn Z(x*) Tra 2(x*) 


e+ Tn Z(x?) 
s+ Ta 2(x?) 
[oe Ta = (x2) 


® Ta = (x?) Tan 
+ Ton Zz 
ZTZ(x*) 


We now divide the variance ‘‘among tests’ 
parts: (i) the variance ‘‘among A,” 


bnokr,.? = bn[a/(a— 1) JZ (Fon —Fen)?/a 
= bn[D(Fn)?—a (Fen)? 1/(a—1); 


(ii) the variance ‘‘among B’’, 


ANGE ar? = an[b/(b— 1)]2 (Zan—Zkn)*/b 
=an[Z (Zan)*—b(¥en)*]/(b—1); 
(iii) the variance of the ‘“‘A-B interaction,” 


nv AB" = nZZ[(Zan—Lkn) + (Zon —Zkn) 
— (fn —Fin) P/(a—1)(6—1) 
—Fn—Fin F/(a—1)(6—1). 


The sum of the numerators of these three variances is 
equal to the sum of squares among tests; the sum of their 
denominators is equal to the ‘‘degrees of freedom”’ of the 
variance among tests. 

The “‘error” is defined exactly as before, as the average 
of all the sample variances, multiplied by »/(n—1). The 
total variance is likewise defined as before. The sum of the 
numerators of the other variances is still equal to the sum 
of squares of the total variance; the sum of the denomina- 
tors of these other variances is equal to the ‘‘degrees of 
freedom”’ of the total variance. 

In the foregoing equations, we have used each Zn, Zan, 
Zon and ¢,? explicitly. This involves finding a large number 
of averages and variances. However, it is possible to find 
the various sums of squares without having to find each 
term in each sum. 

First, we omit the step of dividing each 2x by the number 
of specimens in each sample. It is convenient to denote 
each 2x by T, with a subscript for the number of speci- 
mens; thus, let 


T,. =), = NE, 
— Tr= 2, 2 x= brn, 

-ET, -E Ee anZan, 
T= ELLs ilies 


where N=abn. Then, the sum of squares among tests 
becomes 


n X (En — Een)? =D (T,?)/n—T?/N. 


into three 


=n&Z[Lan+Fon 


Nin, 
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This sum of squares is divided into three parts: the sum 
of squares among A, 


bn p> (Zon — Fen)? = z (Ton?) /bn—T?/N; 
the sum of squares among B, 
an x (Zan — Zen)? = L (Tain?) /an—T?/N; 
the sum of squares of the A-B interaction, 
n> x (Zan + Zin —Fn— DX & (T,*)/n 
: — 2X (Tan®)/an— QL (Ton?)/bn+T?/N. 


The sum of squares of the error term becomes 


ud (e— £n)°= ud d (*)— LL (Tn!)/n. 


Ekn) 2= 


The total sum of squares.is 


x (x —Fen)?= ~ i. @~—T*/h. 


In problems in which it is not necessary to compute Lo, it 
is unnecessary to compute the total sum of squares. If it 
be desirable to compute either Zo or Li, it is necessary to 
compute each o,? in order to find (¢n?)gay. In any event, so 
far as computing the F’s is concerned, it is more convenient 
to arrange the data as shown in Table IV C rather than as 
shown in Table III C, which was given merely to clarify 
the definitions of the components of the variance among 
tests. 

Modern ching machines are so made that pairs of 
sums, such as 2x and 2x2, or as Lab and La, can be com- 
puted simultaneously with great rapidity, merely by omit- 
ting to clear the machine between the finding of each prod- 
uct (or square). As mentioned before, if x or T, contain 
many digits, only the last few digits (generally two or 
three) that actually vary from specimen to specimen need 
be carried in the calculation. Also, the origin of coordinates 
may be changed, if desired, so that 7[=2Z2Z2Zx] vanishes. 
Such manipulations do not change the numerical values 
of the sums of squares. 

The meaning of the interaction term can be illustrated 
by the following artificial examples. Suppose we have 15 
samples of m specimens each, representing material pro- 
duced under five different values of some variable A, and 
three different values of some simultaneous variable B, 
and that the averages of the samples are those listed in 
Table V C. (The numerical values of the variances of the 
individual samples do not affect the present discussion, 
so they are omitted.) For the sum of squares of the inter- 
action term, we will obtain 


TABLE V C. 


As 


12 
15 
18 


15 
















TABLE VI C. 


A; 


14 
Bz 13 14 15 16 17 15 
Bs; 20 18 16 10 il 15 


15 





NZX (ant Fon — En — Lien)? =n[(12+13—10—15)? 
+(12+14—11—15) 
+(12+15—12—15) 
4-2}, 

Eachfterm in this sum is zero. As we can see from Table 

V C, the variation ‘‘among A” is independent of the value 

of B at which the variation is observed; the variation 

“among B” is independent of the value of A at which the 

variation is observed: there is no “‘interaction’’ between A 


and B. The analysis of these data would be summarized 
as follows: 


bas Sum of “Degrees of 4 
Variation squares freedom” Variance 
Among A 30n 4 7.5 
Among B 90n 2 45.0n 
A-B interaction 0 8 0 
Among the 15 samples, 
considered as one group 120 14 8.6n 


If the 15 samples had come out as shown in Table VI C, 
then the entire variation is caused by the interaction. For 
this set of data, we obtain 


Sum of “Degrees of 
Variation squares freedom” Variance 
Among A 0 4 0 
Among B 0 2 0 
A-B interaction 120 8 15” 
Among the 15 samples, 
considered as one group 120n 14 8.6n 


Any reasonable experiment will be expected to yield 
results somewhere between the extremes just described. 
Suppose the 15 samples had 10 specimens each, and had 
come out as shown in Table VII C. Since we do not need 
the individual sample variances for our present purpose, 
let us just be given that the average variance (0,2), of 
the 15 samples is 45, so that the “error’’ term will be 
45 X 10/9 = 50 = 6750/135, where 6750 is the sum of squares 
of the error, and 135[=k(m—1)=15X9] is the number of 
“degrees of freedom” of the error. The analysis of these 
data would be summarized as follows: 


Sum of ‘Degrees of 
Variation squares freedom” Variance F 

Among A 180 4 0.45 0.90 
Among B 400 2 200 4.00 
A-B interaction 620 8 77.5 1.55 
Among the 15 samples 1200 14 85.7 1.71 
Error 6750 135 50 

Total 7950 149 53.3 


Thus, the variation ‘among A’’ is that to be expected 
amongst samples of 30 specimens each, drawn from a single 
universe whose variance is 50; the “interaction” also ap- 
pears to be but little more than sampling fluctuation. 
However, there is only about one chance in 50 that the 
variation “among B”’ is caused by sampling fluctuation 
alone; this variation is larger than that to be frequently 
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TABLE VII C. 





As 


12 
Ba 19 11 14 17 14 15 
Bs 16 18 16 15 20 17 


14 








expected among three samples of 50 specimens each drawn 
from a single universe whose variance is 50. 

The line labeled ‘‘Among the 15 samples” is not usually 
given in an analysis of variance of two or more factors. 
It is shown here to point out that if the 15 samples had 
been supposed to be random samples from a single uni- 
verse, not sorted according to possible variables or causes 
of variation, one would conclude that the chance that the 
supposition was correct is about 1 in 15. 

Similarly, unless it is desired to compute Zo (in which 
case we would also have to know the individual variances 
of the 15 samples), it is not necessary to compute the 
“total” variance. The total variance 53.3 shows us that, 
if the 150 specimens were to be considered as a single 
sample drawn from a universe whose variance is 50, this 
sample would be quite typical of such samples of 150, 
despite the fact that the grouping of the specimens into 
the observed smaller samples of ten members each appears 
much less probable. 

These remarks are made to point out how much more 
appears from a formal analysis of variance than appears 
from a less formal treatment of the data. 

Suppose, now, that each of the variances o,? had been 
only one fifth as large as was originally given. Then each F 
would be five times that given above, and one would con- 
clude that both the separate and the joint effects of the 
variations in A and B are measurable. 

Suppose that the object of the experiment was to test 
the stability of some process or of some test procedure. 
Let us suppose that some items were produced in five 
different ways on three different days. The variations 
“among days’’ may be divided into three kinds: 

(i) Normal, or random, variations, indicated by small 
values of F (values close to unity); 

Non-normal variations, which include two of the three 
kinds: 

(ii) Systematic variations, indicated by a large F ‘‘among 
days,” accompanied, usually, by a smaller value of F for 
the interaction between days and the other variable; 

(iii) Chaotic variations, frequently indicated by an ex- 
cessively large F for the interaction between successive 
days and the other variable. 

Systematic variations are those caused by the wear of 
the apparatus and by the effects of room temperature, 
relative humidity, and so forth, on the process or on the 
property being measured. If one can properly correct the 
measurements for these effects, he should obtain normal 
values of F. If the F “‘among days’’ is still too large, the 
conclusion is that there are other similar, but undetectable, 
causes of variation, affecting the results; in other words, 
there is a lack of statistical control. 
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Of course, it is sometimes possible for the variation 
among days to contain undetected causes of variation 
which may actually interact with the other variable (for 
example, the five sets of apparatus might not all wear 
alike); but usually a large F for the interaction between 
two variables for which no physical interaction could be 
expected is a symptom of careless performance on the part 
of the operators. ; 

(e) Analysis of variance of three or more factors.—For an 
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analysis of variance of m factors, the 2, and o,? (or the 7, 
and 2x?) will be arranged in the cells of an m-dimensional 
lattice in an m-dimensional parallellopiped. The variance 
among the samples, or ‘‘among tests,” will be split up into 
several terms similar to those just described. To exhibit 
the data so as to show the meanings of all these terms may 
require several rearrangements. The physical interpreta- 
tion of some of the higher order interaction terms will not 
always be easy. 


Southeastern Section of the American Physical Society 


HE twelfth annual meeting of the Southeastern Sec- 

tion of the American Physical Society was held in 

the Atlanta Biltmore Hotel, Emory University, and the 

Georgia School of Technology, Atlanta, Georgia, on April 

12 and 13, 1946. Approximately 175 members and guests 

attended. Local arrangements were made by a committee 
headed by F. E. Lowance. 

The regular program consisted of 14 papers, abstracts 
for three of which are appended hereto. Abstracts of the 
other papers will be found in the May 1-15, 1946 issue of 
the Physical Review. 

Additional features of the program were: invited papers, 
“The development of atomic energy,” by F. G. SLAck; 
“The periodical literature of physics—history, character- 
istics, and trends,” by DUANE ROLLER; address, “New 
opportunities and new responsibilities for scientists,” by 
M. D. WHITAKER; demonstration-symposium on microwave 
technics, by members of the Physics Department of the 
Georgia School of Technology. 

At the business meeting the election of the following 
officers for the Section was announced: Chairman, Rose 
C. L. Mooney; Vice-Chairman, J. H. Howey; Secretary, 
Eric Rodgers; Treasurer, C. B. Crawley; Member of Execu- 
tive Committee, E. Scott Barr. 

The time and place for the 1947 meeting will be an- 
nounced later. 


1. A simplified spectrometer for use in the elementary 
physics laboratory. J; STANLEY JOHNSON, University of 
North Carolina.—The instrument consists of: (1) a meter 
stick mounted on a steel plate and bent into an arc with 
a one-meter radius; (2) an adjustable slit mounted near 
the midpoint of the meter stick; (3) a grating mounted 
on a revolvable stand at the center of the arc; (4) a device 
for pointing to a spectral line and reading its position on 
the scale. The latter consists of a phosphorescent pointer 
which is moved along the scale by means of a wheel on a 
circular track and turned by means of a long axle fitted 
into a hollow cylinder and having a knurled knob at the 
other end. The cylinder is pivoted on a support located 
under the grating stand and carries a telescope for reading 
the scale. At the other end of the cylinder the pointer is 
mounted together with two lamps, used alternately, one 
emitting ultraviolet light to make the pointer phosphoresce 


while the spectrum is being viewed; the other emitting 
visible light to illuminate the scale. The scale can be read 
to 0.1 mm and, with the grating at minimum deviation, 
wavelengths over most of the visible range can be obtained 
to better than 0.1 percent accuracy. 


2. Teaching with daily tests. F. M. Sparks, Missis- 
sippi State College-——For two semesters daily tests in 
beginning College Physics have been given. Most students 
will study intensively when they expect a comprehensive 
test. If these tests are repeated often enough the results 
should be gratifying to student, instructor and institution. 
Some form of quick-answer test is necessary, and most of 
the questions must be short and simple. Because of the 
time and effort required to make out satisfactory objective 
tests, they are written and administered with a view to 
using them more than once. Multiple-choice, 10-question, 
15-minute tests on each chapter are used. Students show 
on margins of test sheet their algebraic solution and 
substitution in problems. Tests are given at the beginning 
of the hour. The efficiency of a test as a means of teaching 
is increased many times if the test is reviewed immediately 
after it is given. This takes about five minutes. The 
primary purpose of these tests is not to obtain grades but 
to encourage daily study, to correct misconceptions, and 
to check daily on efficiency of instruction. The large total 
amount of time spent on daily tests seems justified when 
students do well on the standardized Cooperative Physics 
Tests. 


3. The intermediate course in physics: a method of 
teaching. Karu H. Fussier, University of North Carolina. 
—Can we increase the efficiency of the teaching process? 
This is a report of progress on a method used together 
with some results attained. Lectures, recitations and 
written quizzes are abandoned. The responsibility for 
progress is placed almost entirely on the student. The 
teacher serves as a “director’’ and not a “lecturer.” 
Quizzes are requested by the student, not assigned by the 
teacher. Under this method the whole atmosphere of the 
classroom and the attitude of the student is changed. 
Suggestions on the use of this method of instruction will 
be given. 

E. Scotr Barr, 
Retiring Secretary 
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The Cornu Spiral on the Blackboard 


H. W. FARWELL 
Columbia University, New York 27, New York 


ROBABLY every teacher of physical optics makes 

more or less use of a lantern slide of the Cornu spiral, 
and perhaps some of them have found that, instead of 
talking about the image on the usual lantern screen, a far 
more satisfactory discussion is possible if the slide can be 
projected directly in front of the class upon the black- 
board. The instructor can then work with it as he pleases 
with no fear of injuring the spiral by erasing whatever 
chalk marks he has made. 








The Voltmeter-Potentiometer 


REGINALD T. HARLING 
Albion College, Albion, Michigan 


N the discussion of elementary electrical measurements 

it is customary to point out that an ordinary voltmeter 
connected directly to a cell measures the ‘terminal po- 
tential difference,” which is always less than the emf of 
the cell. The difference between the two is, in practice, 
negligibly small if the meter resistance is high compared 
with the internal resistance of the cell; but, in order to 
make an entirely satisfactory measurement of emf, it is 
necessary to devise some method in which no current is 
drawn from the cell. ; 

The method usually given for this purpose utilizes an 
ordinary potentiometer circuit, in which the emf of the 
cell being tested is balanced against the potential drop 
along a length J; of a slide-wire resistor; the cell is then 
replaced by a standard cell, the adjustment repeated, and 
the unknown and standard emf’s are compared by means 
of the equation ¢:/e2=1,/l2. The accuracy of the method 
depends upon the constancy of the current in the main 
circuit, the uniformity of the slide-wire and, of course, the 
accuracy with which the standard emf is known. 

A slight variation of the method enables the unknown 
emf to be read directly from a voltmeter, even one of low 
resistance. There is, of course, nothing new in the modifica- 
tion; but since it makes a simple and satisfactory experi- 

ment for the elementary labo- 

& ratory, it is perhaps surprising 

| that it is not more frequently 
described in_ laboratory 

manuals. The circuit is shown 
in Fig. 1. When the gal- 
vanometer is undeflected, the 
emf of the cell e: is read 
directly from the voltmeter. 
The accuracy of the result is 
not affected by a slow 
change in the current from the 






Fic. 1. Voltmeter-potenti- 
ometer circuit. 
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battery E or by nonuniformity of the slide-wire AB, and 
the calibration of the voltmeter is probably as reliable as 
the value of the emf of the standard cells usually entrusted 
to beginning students. 

It is interesting to show that a low resistance voltmeter 
gives the same reading as a high resistance meter by the 
method of Fig. 1, whereas there may be considerable dif- 
ference if each instrument is successively connected di- 
rectly to the cell. 





A Laboratory Experiment on Bomb Dropping 


C. W. Heaps 
Rice Institute, Houston 6, Texas 


ABORATORY experiments on falling bodies usually 

require somewhat elaborate apparatus unless rather 
large experimental errors are to be tolerated. An experi- 
ment involving simple and easily constructed apparatus, 
giving reasonably good results, may be constructed as 
follows. 

A steel ball simulates a bomb. As indicated in Fig. 1(a), 
the airplane carrying the bomb is represented by the bob 
of a pendulum, this bob being in the form of a box. The 
ball is discharged from the box at the lowest point of the 
swing, and its point of impact with the table top is marked. 
If the vertical height # through which the pendulum bob 
falls is known, we may calculate the horizontal velocity, 
v= (2gh), of the ball at the instant it leaves the box. The 
height H of the ball at this instant must also be known. 
The horizontal distance S of the ‘“‘airplane” from the tar- 
get at the instant of dropping the bomb is then calculated 
by eliminating ¢, the time of free fall, from the equations 
S=vt and H=}g?, and substituting v=(2gh)t. We thus 
obtain S=2(Hh)}. This distance S is thus calculated in 
terms of quantities that can be determined on the “air- 
plane.” The calculated value of S is then compared with 
the measured value. 

The box is a 1-in. aluminum tube, about 1.2 cm long. 
However, this tubular section is cut so as to leave a pro- 
jecting tongue, 1.5 cm long and 0.4 cm wide, at one point 
of the rim. The tube end not containing the tongue is 
closed by brazing on an aluminum plate of dimensions 
4.3X2.54X0.16 cm. The box is supported by three 44-cm 
threads that pass through holes drilled in the tongue and 
the end-plate, respectively. The circular plate shown at 
the top in Fig. 1(a) has three holes drilled to take the three 


Table I. Typical data. 


h 2(hH)* S 
(cm) (cm) (cm) (cm) (cm) 
16.2 12.4 3.8 13.7 13.8 
18.5 12.4 6.1 17.4 17.4 
18.5 12.4 6.1 17.4 17.3 
17.5 12.4 $i 15.9 15.9 
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Fic. 1. Diagram of apparatus: (a) the pendulum; (6) a half-meter stick 
equipped for measuring vertical distances; (c) the ‘‘bomb-sight.”’ 


threads. These holes match those of the box. This plate is 
supported horizontally by a laboratory clamp and stand. 

Accurate leveling of the box when it is at rest at the 
bottom of the arc of swing is accomplished by orienting 
the top supporting plate so that the steel ball, of diameter 
1.9 cm, just fails to roll out of the tube. Two brass plates, 
A and B, each 5.5X1.6X16.0 cm, are set on end so that 
their left-hand edges just touch the opposite front edges 
of the tubular box when it is hanging straight down with 
the ball in it. An electromagnet E is used to hold the box 
aside as shown. This electromagnet should have a pointed 
pole piece and should be adjusted so that the point is on 
the natural arc of swing. This adjustment is easily made if a 
brass face plate with a central hole for the pole piece is 
put over the end of the magnet and three vertical lines 
are drawn on it to match the three threads as viewed from 
a forward position. 

The plates A and B are quite massive so that the light 
box is stopped very suddenly at the bottom of the swing 
and the ball continues on its course. The plates, of course, 
may be adjusted to contact the protruding edges of the 
end plate instead of the front end of the tube. However, 
there seems to be more error in the results if this is done, 
probably because of the greater yielding of these pro- 
truding edges at impact. 

A half-meter stick, equipped with a sliding jaw and a 
right-angled base-plate as shown in Fig. 1(b), is used for 
measuring D (defined in Fig. 1) and H. Distances are 
measured. in each case from the bottom of the ball. The 
table should be carefully levelled. A strip of cardboard is 
fastened to the table below the pendulum with Scotch 
tape, and a line is drawn across it perpendicular to the 
direction of the swing and directly under the center of the 
ball when it is hanging at the bottom of its arc. A right- 
angled triangle is used in locating this line correctly. Car- 
bon paper is laid over the cardboard so that the impact 
point is marked. 

Table I contains a series of representative data obtained 
by a practiced observer after careful adjustment. The 
measured values of S appear in the last column. 

A variation of the foregoing procedure may be of more 
interest, and is probably more illuminating from the point 
of view of bomb dropping. In Fig. 1(c) is shown a “‘bomb- 
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sight.”’ A brass protractor is equipped with a sliding clamp 
Cand a fixed sighting edge P soldered to coincide with the 
center of the circular scale. The bombardier knows H and 
v; so can calculate the angle 0, where tan @= H/S=}3(H/h)}. 
He then sets the bomb-sight for this angle, starts the bomb- 
ing run and drops when the target appears in the bomb- 
sight. In the experiment one levels the protractor, adjusts 
P to a height H directly over the line on the cardboard 
marking the drop point and sets C to the calculated angle. 
A sight is then taken across P and C to mark on the card- 
board the position of the target. The bomb is then dropped 
by the previously described procedure and the error in 
hitting the target noted. 


The Oersted Medal 


N connection with the award of the tenth Oersted Medal 
reported in the preceding issue,! the Editor has sug- 
gested that the membership might to advantage be in- 
formed of the procedure followed in selection of the 
medalist each year. The Committee on Awards, slightly 
reconstituted by action of the Executive Committee at 
the last annual meeting, is entirely ex-officio, consisting of 
the incumbent president and secretary of the Association, 
the last living recipient of the award, and the two last ex- 
presidents, the junior ex-president being the chairman. 

All the correspondence of preceding years is retained in 
the committee files, for information in successive years. 
A cumulative list is kept of all men and women who have 
ever been considered by the committee for the awards. 
Each committee makes its own additions to the list, either 
before or during its study for the current year. This study 
includes a re-examination of all who have previously been 
suggested, besides the consideration of those being cur- 
rently added to the list. 

The members of the Association are warmly invited to 
nominate any physics teacher for consideration by the 
committee and to support that nomination by the best 
evidence that can be secured. Nominations may be placed 
with any member of the committee, which this year con- 
sists of R. C. Gibbs, C. J. Overbeck, R. L. Edwards, 
A. A. Knowlton and L. W. Taylor. 

Heretofore the identity of the recipient has not been 
publicly announced prior to the actual time of the award. 
Henceforth, however, at the direction of the Executive 
Committee in its last meeting, the identity of the recipient 
is to be announced in advance in order that those who 
wish to do so may have a better opportunity to do him 
honor by attendance at the ceremony of award. 

This being the tenth anniversary of the Oersted award, 
the occasion was celebrated by disclosing the identity of 
the man who conceived the idea of the award and got the 
project well started. It was Dr. Paul E. Klopsteg, Presi- 
dent of Central Scientific Company, when the award was 
instituted, now Director of Research of the Northwestern 
Technological Institute. The following brief statement was 
made at the time of this year’s award about the circum- 
stances attending the initiation of the Oersted Medal. 
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“The award of the Oersted Medal was made possible 
at the beginning through the suggestion and support of 
an ‘anonymous doner,’ who, at his own instance, provided 
for the initial cost of the medal and the expense of the 
award for several years. These were the years of early in- 
fancy of this Association, when its very survival was 
precarious. Yet it was important that the new Association 
should be, from the very beginning, the vehicle for sub- 
stantial public recognition of ‘notable contributions to the 
teaching of physics.’ Such recognition had theretofore been 
almost nonexistent. With certain exceptions, leaders in the 
field of physics had never been willing to concede that there 
was any need for an active interest in professional aspects 
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of physics teaching paralleling the interest in research of 
the American Physical Society. Doctor Klopsteg, however, 
taking exception to this generally prevailing attitude, had 
recognized the need and had been gradually working for 
15 years toward the means of meeting it, as President 
Dodge pointed out in his response to this award last year.? 
His efforts, ably seconded by those of others who joined 
him in that interest, finally bore fruit in the founding of this 
Association and later in initiating the Oersted award.”— 
Lioyp W. TayLor, Oberlin College, Chairman, Committee 
on Awards 


1Am. J. Physics 14, 108 (1946). 
2Am, J. Physics 13, 179 (1945). 


UR delight in any particular study, art or science rises in proportion to the application which 
we bestow upon it. Thus, what was at first an exercise becomes at length an entertainment.— 


JOSEPH ADDISON. 
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Interference Figures 


A series of concentric circular zones, of which the bound- 
ing radii increase in arithmetic progression, is drawn on a 
card and alternate zones are blacked in, beginning with the 
central one. The addition of disturbances from interfering 
sources is obtained by the superposition on bromide print- 
ing paper of out-of-focus images of these zones. Inter- 
ference from two point sources in phase is shown by two 
photographs on the same paper, the paper being moved 
between exposures. If the paper is moved with a constant 
speed during the exposure the effect is that of a source 
with finite width. The effect of broadside or end-on arrays 
or point sources in producing beams, as in long-distance 
radio communication, can also be shown. G. GHEY and 
J. S. BARLEE, Sch. Sci. Rev. 27, 109-112 (1945). 


Demonstration Barometer 


A glass tube about 3 ft long is mounted vertically, with 
a funnel at the top and a stopcock just below the funnel. 
The lower end of the tube passes through a rubber stopper 
into a 125-ml filter flask with a side tube. Enough mercury 
is placed in the flask that the bottom of the tube is always 
covered. Air is forced into the flask by means of a pump 
so that the mercury is raised into the funnel. The stopcock 
is then closed and the pump removed. The tube then serves 
as a barometer. If the pressure in the flask is increased or 
decreased by means of the pump or the longs, the effect 
on the height of the mercury is readily shown. The rubber 
stopper must be securely held in the mouth of the flask; 
a circular metal plate with a central hole for the glass tube 
is pressed down against the stopper by means of bolts 
screwed into the base of the apparatus. H. W. LE Sourp, 
Sch. Sci. and Math. 45, 551-2 (1945). + 


The Moral Sensitivity of Science 


A new factor of the greatest importance has entered into 
the spiritual life of our country. It is the new seriousness, 
ethical sensitivity and concern that contemporary physical 
scientists are exhibiting to a marked degree. It is no ex- 
aggeration to say that today it is the physicists who are 
most deeply concerned about the enlistment of our moral 
resources, to forestall danger while there is yet time. Any- 
one who is thrown with these men in any intimate way 
cannot fail to be impressed and deeply moved. They are 
dead in earnest; they are afraid; and they are shocked at 
our lethargy. We customarily suppose that men of science 
are content to make the discoveries and refuse to shoulder 
any responsibility concerning the use to which they are 
put. The present experience shows that this supposition 
is contrary to fact, at least in the present instance. 

What some of these men say is as informing as it is 
exciting. One hoped every day, during the long operation 
on the Manhattan Project, that it would not succeed. 
Another feels the crisis so keenly that he can hardly sleep. 
Another tries to organize public opinion so as to make it 


more likely that discoveries will be used for beneficent 
rather than destructive ends. Another accepts speaking 
appointments far and wide, paying no attention to his 
own physical well-being if only he can arouse our people. 
All are saddened when they observe the growing lethargy 
or even the tendency to consider the whole matter as a 
joke. They are shocked when a well-known man, writing 
in Reader's Digest, seeks to allay men’s fears. Their fear 
is that men will fail to fear. 

We have usually looked to the churchmen or theologians 
or philosophers for direction in these important matters. 
We have thought of these men as concerned with ends, 
and of the scientists as concerned chiefly with means. But 
the present experience makes us revise our procedure. The 
theologians, for the most part, are going on with their 
professional tasks as though nothing had happened; the 
philosophers, for the most part, are still reading to one 
another papers on the same old subjects. The physicists 
are taking over their work. One can today sense more 
moral insight in the meeting of a physical society than he 
can in a meeting of professed and professional moralists. 

This paradox is really part of the old paradox of the 
amateur. It is an old story that a herdsman like Amos is 
able to see what the priests of Bethel cannot see, that a 
young man like George Fox is able to reach a deeper level 
of religious experience than is reached by his elders and 
betters. We ought never to be surprised if, in a time of 
crisis, help and strength come from hitherto unexpected 
sources. The sober truth is that good can come out of 
Nazareth, that Saul can be found among the prophets. 

Many of these scientists are tender men, and the per- 
plexities of their situation have made them seeking men. 
No group is more likely to provide genuine spiritual leader- 
ship. They have experienced many of the preconditions of 
spiritual insight. They are not proud, not engaged in any 
rejoicing or self-glorification, even when they have pro- 
duced the most astounding scientific invention of all 
time—D. ELton TruesLoop, The Friend 119, 274-275 
(1946). 


Moral Reflections Concerning Axis Scientists 


The war crime trials now in progress are carefully as- 
sembling evidence which corroborates the reports of our 
newspapers and congressional investigating committees, 
that many of the acts and the aims of those in power in 
the Axis countries have been for a period of years im- 
moral; that is, they failed to conform to the rules of con- 
duct which we accept as right.! As scientists, we are aware 
of the great increase in the effectiveness of armed forces 
due to the contributions of scientists. What should be our 
moral judgment of the scientists of the Axis nations whose 
scientific contributions during the war added materialy to 
the effectiveness of the armed forces supporting a regime 
which we hold to be immoral? 

The reader is left to form his own judgment of Axis 
scientists, who might be classified roughly as follows: 
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(1) Those who disapproved of their rulers and refused to use their 
talents in their support. In some instances, these men are “‘missing.” 

(2) Those who disapproved, but through fear of punishment of them- 
selves or their families considered themselves forced to do scientific 
work. We can distinguish here between the man who merely did an 
honest day’s work, such as the design of an effective radio set from 
known principles, and the man who used the full extent of his genius 
in inventing something basically new, like frequency modulation or an 
atomic bomb. 


(3) Those who were given unusual facilities for research or develop- 


ment and considered that the advancement of science was itself good 
under any circumstances. 


(4) Those whose patriotism caused them to support their country 
and its leaders, right or wrong. 


(5S) Those who may have been ignorant of these features of their 

regimes of which they would have disapproved. 

(6) Those who were fully informed and enthusiastic supporters. 

The fundamental bases for moral judgments are mere 

assumptions which are differently chosen at different times 
and places; in this respect they are like the basic assump- 
tions and axioms of science. In science we say that the 
axioms are justified by the usefulness of the deductions 
derived from them. In cases of disagreement as to moral 
principles, each man may properly use his own thought- 
fully determined principles in the judging of others. We 
“should not refuse to make moral judgments because of 
uncertainty in the assumptions; the judgments are justified 
by their usefulness in contributing to group happiness, 
welfare, or whatever we assume the final value in life to be. 
To pronounce judgment on a man for his past actions is 
a useful activity only insofar as it influences the future 
conduct of all men, either through fear of disapproval or 
other forms of punishment, or through directing the at- 
tention of all men to those rules of conduct that are con- 
sidered moral by the judge. 

It would not be fitting for us to grow emotional over this 
question. We may surmise that under similar circumstances 
we would have been statistically distributed in the afore- 
mentioned six categories in roughly the same proportions 
as the Axis scientists were. But this war has been a revela- 
tion to scientists themselves of the extreme importance of 
scientific contributions to warfare; we knew we were good, 
but we didn’t know we were that good. In view of the 
demonstrated importance of the scientist’s contributions, 
the time has come when he must give more attention to the 
aims of the fellow who appropriates the funds to support 
the scientific development, and who will receive the im- 
mediate benefits from it. Our services must not be fully 
available to support the warlike ambitions of groups whose 
aims we disapprove; and it behoves us to be informed and 
to form opinions. 

While it is improbable that we will take any, group ac- 
tion censuring those categories of Axis scientists whom we 
believe to have used their talents to support an immoral 
project, on the other side it seems inappropriate that we 






“4-in. length’’ to “4-ft length.” 
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Erratum 


RTICLE by A. J. O’Leary, Am. J. Physics 14, 120 (Mar.—Apr., 1946), line 26: change 





should give prizes, awards or honors to a scientist whose 
scientific contributions were of great importance but who 
first made these contributions available to the armed forces 
of a social group of whose aims we grossly disapprove. 
There are some conditions under which the advancement 
of science is not a good thing.—FLoyp A. FIRESTONE, 
Proc. Inst. Radio Engrs. 34, 281 (1946). 


1See M. C. Bernays, “The legal basis of the Nuremberg trials,” 
Reader's Digest 48, 56 (Feb. 1946). 


Check List 


Radioactivity and the University of Pittsburgh. A. Silver- 
man, J. Chem. Ed. 22, 482-484 (1945). A brief history of 
the work done at Pittsburgh, where a large proportion of 
the world supply of radium was crystallized. 

Laboratory storage of dry ice. H. S. Booth and D. R. 
Martin, J. Chem. Ed. 22, 507 (1945). 

Modern military high explosives. W. H. Rinkenbach and 
L. F. Audrieth, J. Chem. Ed. 22, 522-524 (1945). 

Revival of university activities in Holland. H. S. van 
Klooster, J. Chem. Ed. 22, 541-542 (1945). 

Conductance of electricity through solutions of strong 
and weak electrolytes. J. G. Miller and W. W. Lucasse, 
J. Chem. Ed. 22, 565-566 (1945). 

Solutions of electrolytes; a simplified presentation of 
contemporary theory. W. F. Luder, J. Chem. Ed. 22, 
575-582 (1945). 

Chemical Russian, self taught. J. W. Perry, J. Chem. 
Ed. 21, 393-398 (1944); 23, 22-27 (1946). Suggestions for 
study methods; discussion of the vocabulary problem. 

Careers in special librarianship. Betty P. Arper, Sch. Sci. 
and Math. 45, 557-9 (1945). 

Ohm/’s law and internal resistance of cells. G. Antonoff, 
Sch. Sei. and Math. 45, 713-716 (1945). 

Glass Newcomen’s steam engine. C. E. Lloyd, Sch. 
Sct. and Math. 45, 727-8 (1945). 

Selection of books in the field of physics. M. M. Patillo, 
Jr., Sch. Sci. and Math. 46, 25-33 (1946). Seven categories 
of books, and corresponding criterions for their selection. 

Apparatus catalog. R. Andrews, Sch. Sci. and Math. 46, 
312 (1946). Much time can be saved in setting up demon- 
stration and laboratory apparatus if the experiments are 
cataloged on 3 X5-in. file cards. Each card contains a 
diagram of the set-up, a list of apparatus required, the 
location of the apparatus in the storage room or case, and 
any other pertinent information. 


